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I.  Introduction 

A  promising  alternative  immunotherapy  to  the  current  breast  cancer  therapies  of  surgery, 
radiation,  chemotherapy,  and  hormone  replacement,  is  to  target  tumor  associated  antigens 
(TAAs).  This  is  an  attractive  alternative  due  to  the  fact  that  they  specifically  target  tumor 
cells.  Over  44,000  women  fail  one  or  more  of  these  therapies  each  year  and  according  to 
the  American  Cancer  Society,  breast  cancer  has  remained  the  second  leading  cause  of 
cancer  deaths  among  women  in  the  United  States  through  2005.  In  addition  to  this,  over 
1500  men  are  diagnosed  with  breast  cancer  each  year  in  the  United  States  alone.  20-40% 
of  all  breast  cancers  overexpress  the  tumor  associated  antigen,  HER-2/neu,  and  it  is  also 
overexpressed  in  cancers  of  the  ovaries,  lung,  pancreas,  and  gastrointestinal  tract  (Disis  et 
al.,  1997;  Knutson  et  al.,  1999;  Li  et  al.,  1994).  The  overexpression  of  HER-2/neu  in 
breast  adenocarcinomas  has  been  associated  with  the  progression  of  focal  tumors  to 
metastatic  cancer  and  the  subsequent  poor  prognosis  of  patients  (Knutson  et  al.,  1999; 
Treurniet  et  al.,  1992).  Despite  this,  patients  with  cancers  that  overexpress  HER-2/neu 
have  humoral  (Coronella,  et  al.,  2001;  Disis  et  al.,  1997b;  Disis  et  al.,  2000),  CD8+  T  cell 
(peoples  et  al.,  1995),  and  CD4+  T  cell  (Tuttle  et  al.,  1998)  immune  responses  directed 
towards  HER-2/neu,  but  these  responses  are  not  effective.  Intracellular  bacteria,  such  as 
Listeria  monocytogenes ,  can  be  used  as  vaccine  vectors  due  to  their  ability  to  generate 
strong  and  specific  T  cell  responses  (Pan  et  al.,  1995;  Pan  et  al.,  1995b;  Pan  et  al.,  1999; 
Pardoll,  1996;  Weiskirch  et  al.,  1997).  Listeria  preferentially  infects  macrophages  and 
other  antigen  presenting  cells,  and  while  most  of  the  bacteria  are  killed  in  the 
phagolysosome,  about  10  percent  escape  into  the  cytosol.  This  results  in  the  presentation 
of  listerial  antigens  by  both  the  MHC  class  I  and  class  II  pathways  leading  to  the 
subsequent  activation  of  both  CD8+  and  CD4+  T  cells  (Hsieh  et  al.,  1993;  Weiskirch  et 
al.,  2001).  Our  lab  has  previously  shown  that  Listeria  monocytogenes  expressing  tumor- 
associated  antigens  can  induce  the  regression  of  established  tumors  that  express  those 
antigens  (Gunn  et  al,  2001)  and  we  have  adapted  this  system  for  the  breast  cancer 
associated  antigen  HER-2/neu.  We  have  previously  reported  the  production  of  five 
Listeria  based  vaccines  consisting  of  fragments  of  HER-2/neu  and  that  these  vaccines  are 
all  capable  of  impacting  on  tumor  growth  (Singh  et  al.,  2005).  After  vaccination  of  tumor 
bearing  mice  with  the  Lm-LLO-HER-2/neu  vaccines,  the  tumors  stop  growing  and 
remain  stable  for  over  90  days  with  a  small  number  (about  30%)  undergoing  complete 
tumor  regression  (Singh  et  al.,  2005).  Following  this  we  conducted  an  analysis  of  the 
CD8+  T  cell  pools  that  are  stimulated  in  these  mice  through  CTL  analysis  and  reported  in 
the  previous  year  that  through  this  method  we  had  identified  regions  of  HER-2/neu  that 
potentially  contain  unidentified  CD8+  T  cell  epitopes.  Further,  we  have  demonstrated 
that  transplanted  tumors  into  FVB/N  HER-2/neu  transgenic  mice  grow  at  a  significantly 
slower  rate  in  Lm-LLO-HER-2/neu  vaccinated  mice  as  compared  to  control  mice.  In  this 
past  year,  we  have  continued  studying  these  vaccines  in  the  transgenic  mice  and  further 
studied  the  CD8+  T  cell  responses  in  these  mice. 
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II.  Body 

This  study  is  aimed  at  determining  the  effectiveness  of  Listeria  monocytogenes  based 
immunotherapies  for  HER-2/neu  overexpressing  breast  cancers  and  the  mechanisms 
involved  in  priming  an  immune  response  upon  vaccination.  Listeria  monocytogenes  that 
express  fragments  of  HER-2/neu  prime  CD8+  and  may  prime  CD4+  T  cell  response  that 
are  robust  enough  to  overcome  tolerance  in  a  transgenic  mouse  model  of  HER-2/neu 
overexpressing  breast  cancer.  Previous  studies  in  our  lab  have  shown  that  Listeria 
monocytogenes  that  express  the  viral  protein  E7  are  capable  of  eliciting  a  strong  enough 
anti-tumor  response  to  E7  to  cause  the  regression  of  tumors  in  mice  (Gunn  et  al.,  2001). 
Furthermore,  after  adapting  this  system  to  the  self-protein  HER-2/neu  we  show  that  a 
potent  anti-tumor  response  can  be  generated  against  a  self-protein  in  wild  type  FVB/N 
mice  (Singh  et  al.,  2005). 

We  continued  the  study  of  the  anti-tumor  efficacy  of  the  five  previously  described 
Listeria  based  HER-2/neu  vaccines  (Figure  1). 


Extracellular  domain  Intracellular  domain 

Transmembrane  domain 


EC-1 


655 


680 


1260 


IC-1 


EC-3 


ECEAA  20-326  IC1:  AA  690-1081 

EC2:  AA  303-501  IC2:  AA  1020-1260 

EC3:  AA  479-655 

Figure  1.  Schematic  of  the  overlapping  extracellular  and  intracellular  fragments  of  HER- 
2/neu  cloned  into  an  expression  vector.  The  numbers  represent  amino  acids. 

Anti-tumor  responses  were  initially  studied  through  the  analysis  of  the  lysis  of  cells  lines 
expressing  fragments  of  HER-2/neu  by  vaccine  stimulated  CD8+  T  cells.  This  analysis 
led  to  the  identification  of  regions  of  HER-2/neu  that  contain  previously  unidentified 
CD8+  T  cell  epitopes  for  the  FVB  mouse  (Table  1). 
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Listeria  Construct 

Neu  Region 
Spanned 

Killing  of  3T3-neu 
Target  Cellsa 

Neu  Regions  Containing  an 
Epitope 

Lm-LLO-ECl 

30-326 

Neu-l/Neu-2/Afew-3 

20-148/291-326 

Lm-LLO-EC2 

303-501 

Neu-3!  Neu-4 

303-426/401 -50  lb 

Lm-LLO-EC3 

479-655 

Neu-4/Neu-5 

479-553/531-655 

Lm-LLO-ICl 

690-1081 

Neu-6/Neu-7  /Neu-8 

690-797/952-1081 

Lm-LLO-IC2 

1020-1260 

Neu-8/Neu-9 

1020-1085/1063-1260 

Table  1.  Regions  of  HER-2/neu  with  potential  FVB  epitopes  based  on  specific  lysis  from 
CTL  analysis  and  the  corresponding  vaccine  constructs.  a  Strong  killing:  greater  than 
20%  above  background  lysis;  weak  killing:  10-20%  above  background  lysis;  no  killing 
above  background  lysis.  Background  lysis  varies  between  0-12%  for  each  experiment. 
bThe  epitope  identified  from  Ercolini  et  al.  (Ercolini  et  al.,  2003)  is  from  420-429  and  is 
partially  contained  in  Neu-3  and  fully  in  Neu-4. 


Following  the  identification  of  regions  of  HER-2/neu  with  potential  epitopes,  we  had 
overlapping  20mer  peptides  made  to  span  all  of  the  regions  identified  through  the  use  of 
the  cell  lines  containing  fragments  of  HER-2/neu.  These  peptides  have  since  been  used 
to  further  narrow  down  the  regions  of  HER-2/neu  containing  epitopes.  CTL  analyses  of 
all  58  peptides  were  done  using  pools  of  3-4  peptides  at  a  time,  which  allowed  us  to 
narrow  down  these  larger  portions  of  HER-2/neu  into  separate  regions  spanning  about  60 
amino  acids.  The  pools  are  now  being  split  into  individual  20mers  to  further  narrow 
down  regions  containing  CD8+  T  cell  epitopes.  This  work  has  been  summarized  into  a 
table  showing  the  progression  from  using  cell  lines  to  narrow  down  target  regions  to  the 
use  of  peptides  to  identify  the  20mers  containing  epitopes  (Table  2). 


3T3  reqions 

I  Region  with  epitope  |  Peptide  pools 

1-165 

20-148 

20-39/35-54/50-69 

yes 

20-69 

65-84/80-99/95-114 

no 

110-129/125-144/140-148 

yes 

110-148 

|148-291  | 

274-426 

291-326 

291-310 

yes 

291-310 

274-426 

303-426 

291-310/366-385/381-400/396-415 

no 

410-553 

410-501 

411-430/426-445/441-465 

yes 

411-465 

456-475/471-490/486-505 

yes 

456-501 

410-553 

479-553 

471-490/486-505/501-520 

no 

516-535/531-550/546-565 

yes 

516-565 

531-687 

531-655 

516-535/531-550/546-565 

yes 

516-565 

561-580/576-595/591-610 

yes  (small) 

561-610 

606-625/621-640/636-655 

yes  (small) 

606-655 

665-820 

690-797 

690-709/705-724/720-739 

no 

735-754/765-784/780-797 

yes 

929-1085 

952-1081 

967-987/982-1001/997-1016 

1012-1031/1027-1046/1042-1061 

yes 

1012-1061 

1057-1076/1072-1091 

no 

929-1085 

1020-1085 

1012-1031/1027-1046/1042-1061/1057-1076 

yes 

1012-1076 

1063-1259 

1063-1259 

1072-1091/1087-1106/1102-1121 

yes 

1072-1121 

1117-1136/1132-1151/1147-1166 

yes 

1117-1166 

1162-1181/1177-1196/1192-1211 

yes 

1162-1211 

1207-1226/1222-1241/1238-1257 

no 

Table  2.  Summary  of  CTL  analysis  to  date  using  cell  lines  and  pools  of  20mer  peptides  to 
narrow  down  regions  of  HER-2/neu  potentially  containing  CD8+  T  cell  epitopes. 
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In  addition  to  this,  one  epitope  has  been  fully  mapped  and  we  are  in  the  process  of 
studying  it  in  comparison  to  the  previously  defined  ‘immunodominant’  epitope  (Ercolini 
et  al.,  2003).  As  can  be  seen  in  Table  2,  there  was  a  response  to  one  20mer,  from  291- 
310,  that  was  tested  alone  and  not  in  a  pool  of  peptides.  Based  on  this  result,  this  20mer 
was  divided  into  9  and  lOmers  that  were  predicted  by  Rankpep  to  bind  to  MHC  I 
molecules  that  are  similar  in  structure  to  the  “q”  haplotype  (Lee  et  al.,  1988),  and  these 
were  then  tested  to  see  if  there  was  a  CTL  response  to  one  of  these  smaller  peptides 
(Figure  2).  The  FVB/N  mouse  is  on  the  “q”  background  and  not  much  is  known  about 
these  MHC  molecules,  so  at  this  point  there  are  no  programs  that  will  directly  predict  the 
sequence  of  q  binding  peptides. 


wt  +  VTTCPYNYL 


wt  +  TFGASCVTT 


Figure  2.  CTL  analysis  of  3T3-wt  cells  loaded  with  9  and  lOmer  peptides  corresponding 
to  the  291-310  region  of  HER-2/neu.  The  peptide  loaded  onto  the  wild  type  3T3  cells  is 
noted  above  each  of  the  graphs. 

This  analysis  shows  that  a  previously  unidentified  epitope  for  HER-2/neu  that  falls  into 
the  EC  1  region  of  the  Listeria  based  vaccines  is  defined  by  the  amino  acid  sequence  of 
PYNYLSTEV.  The  FVB/N  mouse  is  on  the  H-2q  background  and  the  previously 
determined  “Ercolini”  epitope  has  been  determined  to  be  restricted  to  the  H-2Dq  class  I 
MHC.  In  order  to  determine  what  the  MHC  restriction  of  this  EC1  epitope  is,  we 
obtained  cell  lines  that  express  only  either  H-2Dq  or  H-2Lq  class  I  molecules  to  test  in  a 
CTL  assay.  As  there  is  no  cell  line  that  only  expresses  H-2Kq,  binding  of  the  peptide  to 
just  this  MHC  class  I  molecule  cannot  directly  be  tested.  We  obtained  an  antibody  that 
will  specifically  block  H-2Kq  to  determine  if  by  blocking  this  MHC  class  I  molecule  lysis 
of  target  cells  pulsed  with  this  peptide  is  abrogated  (Figure  3). 
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EC1  peptide  +  3-83P  Ab 


EC1  peptide  +  16-3-1N  Ab 


E:T  Ratio 


Figure  3.  The  MHC  class  I  restriction  of  the  EC1  epitope  PYNYLSTEV  is  H-2Kq. 

The  top  two  panels  show  that  there  is  no  lysis  of  target  L-Lq  or  L-Dq  cells  labeled  with  the 
EC1  peptide,  which  means  that  this  epitope  is  not  restricted  to  either  H-2Lq  or  H-2Dq. 

The  bottom  two  panels  are  of  CTL  analyses  with  3T3-wt  cells  as  targets  and  these  cells 
express  all  three  (Lq,  Dq,  and  Kq)  MHC  class  I  molecules.  3-83P  is  an  antibody  that  does 
not  bind  and  block  the  binding  groove  of  these  class  I  molecules  and  most  importantly 
does  not  bind  to  H-2Kq.  16-3- IN  is  an  antibody  that  specifically  binds  into  the  binding 
groove  of  H-2Kq,  and  thus  blocks  binding  of  the  peptide,  but  does  not  bind  to  either  H- 
2Lq  or  H-2Dq.  When  the  peptide  is  loaded  on  cells  treated  with  3-83P,  there  is  still  killing 
of  the  target  cells  by  cells  stimulated  with  the  EC1  vaccine,  but  when  the  cells  are  treated 
with  the  16-3- IN  antibody,  this  binding  is  abrogated,  as  evidenced  by  the  lack  of  killing 
of  the  target  cells.  This  clearly  shows  that  the  MHC  class  I  restriction  of  the 
PYNYLSTEV  peptide  is  H-2Kq. 

Through  these  CTLs,  we  have  identified  regions  where  there  is  clearly  specific  lysis  of 
the  target  cells,  implying  that  these  regions  contain  unidentified  CD8+  T  cell  epitopes, 
and  also  regions  where  there  is  no  lysis  at  all.  We  have  previously  theorized  that  these 
‘sub-dominant’  epitopes  are  revealed  by  (1)  breaking  HER-2/neu  into  fragments;  (2) 
fusing  these  fragments  to  listeriolysin  O  (LLO);  (3)  delivering  the  antigen  through 
Listeria  monocytogenes ;  or  (4)  a  combination  of  these.  In  order  to  determine  which  of 
these  is  correct,  we  made  and  tested  DNA  vaccines  to  compare  the  full  length  HER-2/neu 
with  a  representative  fragment,  and  also  compare  LLO-fused  with  non-fused  antigens. 
These  DNA  vaccines  were  made  using  the  pcDNA  3.1  parent  vector  and  then  tested  in  a 
tumor  regression  experiment  with  Lm-LLO-ECl  was  a  Listeria  delivery  control.  The 
data  for  this  experiment  are  extensive  and  are  contained  within  the  Journal  of 
Immunology  paper  in  the  appendix  to  this  report  (Singh  et  al.,  2005).  This  experiment 
shows  that  the  vaccine  delivered  by  Listeria  is  the  best  and  the  LLO-fused  DNA  vaccines 
are  far  superior  to  the  non-fused  vaccines.  Thus,  fusion  to  LLO  and  delivery  by  Listeria 
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monocytogenes  both  play  a  role  in  the  revelation  of  ‘sub-dominant’  epitopes  for  HER- 
2/neu  in  the  FVB  mouse. 

Much  of  the  work  done  this  year  has  focused  on  the  FVB  HER-2/neu  transgenic  mouse 
as  a  follow-up  to  the  work  discussed  in  my  last  annual  report  showing  a  significant 
slowing  in  the  growth  of  implanted  tumors  after  vaccination  compared  to  the  control 
groups.  This  experiment  was  first  repeated  to  see  if  the  mice  in  the  HER-2/neu  vaccine 
groups  once  again  scratch  away  their  tumors  at  around  day  40  in  what  appears  to  be  a 
delayed  type  hypersensitivity  (DTH)  response  (Figure  4). 


FVB/N  HER-2/neu  Transgenic  Mouse  Regression  of  NT-2  Tumors 


Day  Post  Tumor  Implantation 


Figure  4.  Tumor  growth  of  implanted  NT-2  tumors  in  FVB  HER-2/neu  transgenic  mice. 
Mice  were  vaccinated  with  the  noted  vaccines  on  days  7,  14,  21,  28,  and  35.  Tumor 
growth  was  measured  until  the  mice  in  the  FFO-EC1,  FFO-EC2,  FFO-EC3,  FFO-IC1, 
and  FFO-IC2  groups  scratched  away  their  tumors. 

This  shows  that  the  vaccines  stimulate  a  response  that  is  strong  enough  to  overcome 
tolerance,  as  the  growth  of  the  implanted  tumors  is  significantly  slower  in  the  Fm-FFO- 
HER-2/neu  vaccine  groups  than  those  in  the  control  Listeria  vaccine  group  or  the  PBS 
control  group.  Due  to  the  breaking  of  tolerance  in  a  transplanted  tumor  model,  we  sought 
to  test  the  efficacy  of  these  vaccines  in  an  autochthonous  tumor  model.  90%  of  female 
FVB/N  HER-2/neu  transgenic  mice  develop  spontaneous  mammary  tumors  between  4 
and  9  months  of  age.  In  an  autochthonous  tumor  test,  the  mice  are  treated  prior  to  the 
development  of  tumors  and  observed  for  an  extended  period  of  time  to  see  when  they 
develop  tumors  and  this  is  compared  to  the  onset  of  tumor  growth  of  control  treated  and 
untreated  mice  to  look  for  differences  in  tumor  growth.  Age  matched  female  mice  were 
first  vaccinated  at  6  weeks  of  age  and  then  every  three  weeks  after  that  for  a  total  of  5 
vaccinations,  resulting  in  treatments  at  6,  9,  12,  15,  and  18  weeks  of  age  (Figure  5). 
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Weeks 


Figure  5.  Autochthonous  tumor  protection  in  female  FVB/N  HER-2/neu  transgenic  mice. 
12  mice  per  group  were  treated  starting  at  6  weeks  of  age  and  were  followed  until  the 
onset  of  tumor  growth  in  each  mouse. 


The  delay  in  the  onset  of  tumor  growth  in  mice  treated  with  Lm-LLO-ECl,  Lm-LLO- 
EC2,  Lm-LLO-ICl,  and  Lm-LLO-IC2  was  significantly  different  than  either  of  the 
control  groups  (PBS  and  Lm-LLO-EC3).  Lm-LLO-EC3  was  not  significantly  different 
than  either  of  the  controls  (Table  3). 


p-value 

PBS  vs  NYESC 

0.6742 

PBS  vs  EC1 

0.0036 

PBS  vs  EC2 

0.0062 

PBS  vs  EC3 

0.5685 

PBS  vs  IC1 

0 

PBS  vs  IC2 

0.0054 

p-value 

NY  vs  EC1 

0.0065 

NY  vs  EC2 

0.0112 

NY  vs  EC3 

0.6962 

NY  vs  IC1 

0 

NY  vs  IC2 

0.0108 

p-value 

IC1  vs  EC1 

0.3859 

IC1  vs  EC2 

0.5535 

IC1  vs  EC3 

0.0006 

IC1  vs  IC2 

0.5875 

Table  3.  Kaplan-Meier  Log  Rank  Test,  p-values  showing  which  groups  are  significantly 
different  in  the  autochthonous  tumor  protection  are  shown. 


These  vaccines  are  clearly  capable  of  breaking  tolerance  in  FVB/N  HER-2/neu  transgenic 
mice  based  on  the  significant  delay  seen  in  the  onset  of  spontaneous  tumor  growth 
(Figure  5)  and  also  in  the  slowing  of  tumor  growth  with  transplanted  tumors  (Figure  4). 
The  apparent  discrepancy  between  these  tumor  results  is  a  current  area  of  study.  When 
tumors  are  implanted  in  the  transgenic  mice,  treatment  with  each  of  the  vaccines  leads  to 
the  same  result,  a  slowing  in  the  growth  of  the  tumors  and  the  eventual  scratching  away 
of  the  tumors  in  all  of  the  Lm-LLO-HER-2/neu  vaccinated  groups  around  day  40  (Figure 
4).  In  addition,  the  tumor  sizes  in  all  of  the  mice  in  the  Lm-LLO-HER-2/neu  vaccine 
groups  are  clustered  together  with  no  difference  between  any  of  the  treatment  groups. 
Conversely,  clear  differences  between  the  efficacy  of  the  vaccines  can  be  seen  through 
the  autochthonous  tumor  protection.  Lm-LLO-EC3  is  not  efficacious  in  this  type  of 
experiment,  while  Lm-LLO-ICl  is  definitively  the  best  vaccine  in  this  model  (Figure  5). 

There  are  several  factors  that  could  explain  the  differences  in  the  efficacy  of  the  vaccines 
in  these  experiments.  In  one  case  tumors  are  implanted  and  mice  are  treated  after  the 
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growth  of  palpable  solid  tumors  (about  4-5  mm  in  size),  while  in  the  other,  mice  are 
treated  prior  to  the  development  of  natural  tumors.  This  means  that  in  the  first  case 
(Figure  4)  the  efficacy  of  the  vaccines  as  a  therapeutic  is  being  tested,  while  in  the  other 
experiment  (Figure  5),  the  efficacy  of  the  vaccines  as  a  prophylactic  is  being  determined. 
Another  difference  between  these  two  tests  of  the  vaccines  is  that  the  spontaneous  tumors 
develop  in  the  mammary  glands  of  the  mice,  whereas  when  tumors  are  implanted,  they 
are  placed  subcutaneously  on  the  flank  of  the  mice.  The  differences  in  the  efficacy  of  the 
vaccines  in  these  experiments  comes  down  to  potential  differences  in  the  stromal 
environment  of  the  tumors  and  also  the  timing  of  the  vaccine.  In  the  autochthonous 
tumor  experiment,  although  mice  are  first  vaccinated  at  6  weeks  of  age,  some  of  the  mice 
will  already  be  in  the  process  of  developing  mammary  tumors  through  hyperplasia  of  the 
mammary  glands  by  this  time. 

For  the  coming  year,  several  experiments  have  been  planned  and  questions  of  interest 
have  been  identified.  We  are  in  the  process  of  trying  to  determine  the  factors  that 
contribute  to  the  increased  efficacy  of  Lm-LLO-ICl  vs  Lm-LLO-EC3  in  the 
autochthonous  tumor  protection  by  conducting  a  tumor  regression  experiment  where 
mice  are  given  tumors  either  subcutaneously  or  in  the  mammary  gland  and  then  treated 
with  the  vaccines  to  determine  if  stromal  elements  are  involved  in  the  efficacy  of  the  Lm- 
LLO-HER-2/neu  vaccines.  Another  question  of  interest  is  to  determine  if  mutations  in 
the  HER-2/neu  protein  contribute  to  the  onset  of  spontaneous  tumor  growth  in  the  Lm- 
LLO-HER-2/neu  vs  control  vaccinated  mice.  In  order  to  do  this,  we  are  currently 
sequencing  tumor  samples  to  see  if  mutations  can  be  seen. 


III.  Key  Research  Accomplishments 

•  CTL  analysis  of  each  vaccine  with  pools  of  peptides  corresponding 
to  regions  of  HER-2/neu  previously  identified  to  contain  a 
potential  epitope  through  the  use  of  cell  lines. 

•  Identification  of  a  novel  CD8+  T  cell  epitope  for  rat  HER-2/neu  in 
the  FVB/N  mouse,  PYNYSTLEV. 

•  Determination  of  the  MHC  class  I  restriction  of  this  novel  epitope 
(H-2Kq). 

•  Repeat  regression  study  in  HER-2/neu  transgenic  FVB  mice  with 
implanted  NT-2  tumors  showing  a  slower  rate  of  tumor  growth  in 
Lm-LLO-HER-2/neu  vaccinated  mice  vs  control  treated  groups. 

•  Autochthonous  tumor  protection  in  FVB  HER-2/neu  transgenic 
mice  showing  a  significant  delay  in  the  onset  of  tumor  growth  for 
the  Lm-LLO-ECl,  Fm-FFO-EC2,  Fm-FFO-ICl,  and  Fm-FFO- 
IC2  vaccines. 


IV.  Reportable  Outcomes 

•  Publication  of  a  research  article  in  the  Journal  of  Immunology. 
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•  Presentation  of  a  poster  based  on  this  data  at  the  Keystone  Tumor 
Immunology  meeting  in  March  2005. 

•  Platform  presentation  given  based  in  this  data  at  the  Department  of 
Defense  ERA  of  Hope  meeting  in  June  2005. 

•  Presentation  of  a  poster  based  on  this  data  at  the  Department  of 
Defense  ERA  of  Hope  meeting  in  June  2005. 

•  Presentation  of  a  poster  based  on  this  data  at  the  Cancer  Research 
Institute  meeting  in  October  2005. 

•  Patent  application  ongoing. 


V.  Conclusions 

Listeria  monocytogenes  based  vaccines  for  HER-2/neu  are  capable  of  breaking  tolerance 
and  leading  to  a  slowing  in  the  growth  of  transplanted  tumors  in  FVB/N  HER-2/neu 
transgenic  mice.  Treatment  with  each  of  these  vaccines  results  in  the  slowing  of  tumor 
growth  compared  to  control  groups  and  then  the  mice  in  the  HER-2/neu  vaccine  groups 
scratch  their  tumors  away  around  day  40.  Tolerance  in  very  clearly  broken  in  this 
transgenic  model  in  the  case  of  autochthonous  tumors,  with  a  significant  delay  in  the 
onset  of  tumor  growth  with  mice  vaccinated  with  Lm-LLO-ECl,  Lm-LLO-EC2,  Lm- 
LLO-IC1,  or  Lm-LLO-IC2.  In  this  type  of  protection  experiment,  Lm-LLO-EC3  is 
ineffective  and  does  not  lead  to  a  delay  in  the  onset  of  the  growth  of  spontaneous  tumors. 
The  factors  underlying  the  differences  in  the  anti-tumor  efficacy  of  these  vaccines  in  a 
regression  of  transplanted  tumors  vs  a  protection  of  spontaneous  tumors  are  currently 
unknown.  We  are  in  the  process  of  determined  if  tumor  stromal  elements  are  involved  in 
the  anti-tumor  response  of  these  vaccines.  The  eventual  growth  of  autochthonous  tumors 
and  the  factors  that  lead  to  this  are  another  area  of  current  study. 

Continuing  and  following  up  on  the  previously  discussed  cytotoxic  T  lymphocyte 
analyses  has  led  to  the  identification  of  one  novel  CD8+  T  cell  epitope  for  rat  HER-2/neu 
in  the  FVB/N  mouse,  to  date.  This  work  is  also  currently  ongoing.  We  plan  to  identify 
several  epitopes  spanning  distinct  regions  of  HER-2/neu.  Identification  of  several 
epitopes  could  lead  to  the  next  generation  of  Listeria  monocytogenes  based  vaccines  for 
HER-2/neu  containing  specific  regions  of  HER-2/neu  corresponding  to  these  epitopes.  In 
this  way  the  vaccines  would  be  able  to  elicit  immune  responses  specifically  targeted 
towards  epitopes  spread  throughout  the  entire  HER-2/neu  protein  with  a  single  vaccine. 

In  the  past  year,  testing  of  these  vaccines  in  transgenic  mice  that  are  tolerant  to  rat  HER- 
2/neu  has  shown  the  ability  of  these  vaccines  to  overcome  tolerance  in  these  mice.  This 
is  an  important  step  in  the  development  of  therapies  that  may  be  adapted  for  humans  as 
any  therapy  used  in  humans  must  be  capable  of  generating  a  strong  enough  immune 
response  to  break  tolerance  in  order  to  significantly  impact  on  tumor  growth  in  any  way. 
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Fusion  to  Listeriolysin  O  and  Delivery  by  Listeria 
monocytogenes  Enhances  the  Immunogenicity  of  HER-2/neu 
and  Reveals  Subdominant  Epitopes  in  the  FVB/N  Mouse* 1 * * 


Reshma  Singh,*  Mary  E.  Dunhniecki.'*  Elizabeth  M.  Jaflee,'  and  Yvonne  Patersoir'*  ’ 


Five  overlapping  fragment!  of  rat  HER  2/ncu  have  been  expressed  in  recombinant  listeria  monocytogene*.  Each  fragment  of 
HF.R-2/ncu  is  secreted  as  a  fusion  protein  with  a  truncated,  nonhemolytic  form  of  lixteriolycin  ()  (1.1.0).  l.m-I.I.O-KCl.  I.xn- 
I.I.O  W’2,  and  l.m-I.EO-F(’3  overlap  the  extracellular  domain  of  HEK-2/nru,  whereas  l.m-I.I.O-ICl  and  l.m-I.I.()-l('2  span  the 
intracellular  domain.  All  five  strains  controlled  the  growth  of  established  NT-2  tumors,  a  rat  liF.R-l'neu-exprescing  tumor  line 
derived  from  a  spontaneously  arising  mammary  tumor  in  a  FVII/N  II MR -2/ncu- transgenic  mouse.  The  antitumor  effect  of  each  of 
these  vaccine  constructs  was  abrogated  hy  the  in  vivo  depletion  of  ('1)8  ’  T  cells,  although  only  one  known  epitope  has  been  defined 
previously  and  is  present  in  l.m-I.EO-F.(!2.  Anti-Ill. R-l-neu  (Tl.  responses  were  generated  by  each  of  the  rl.m  vaccine  constructs. 
With  the  use  of  a  panel  of  3T3  cell  lines  expressing  overlapping  fragments  of  HER-2/ncu,  regions  of  IIER-2/ncu  with  potential 
( ’I>M  *  T  cell  epitopes  have  been  defined.  I)N  A  vaccines  expressing  either  a  fragment  or  full-length  HER-2/nru  were  constructed 
in  I.I.O-fused  and  non -1. 1.0 -fused  forms.  (Tl.  analysis  of  the  I)\A  vaccines  revealed  a  broadening  in  the  regions  of  HEK-2/nru 
recognizable  as  targets  when  the  target  Ag  is  fused  to  I.I.O.  These  studies  show  the  efficacy  of  /„  monocytogene*  based  HER- 2/ncu 
vaccines  in  a  murine  model  of  brenst  cancer  and  also  that  the  immunogenicity  of  sdf-Ags  cun  he  increased  by  fusion  to  I.I.O  and 
delivery  by  L  monocytogene s  revealing  subdominant  epitopes.  The  Journal  of  Immunology,  20(15,  175:  3663-3671. 


A  member  of  the  epidermal  growth  factor  receptor  family 
of  tyrosine  kinases.  HER  2/ncu  is  a  185  kDa  glycopro 
tcin.  It  consists  of  an  extracellular  domain,  a  transmem 
brane  domain,  and  an  intracellular  domain,  which  is  known  to  be 
involved  in  cellular  signaling  (I  4|  I:  is  ovcrcxprrsscd  in  25 
40<3-  of  oil  breast  cancers  and  is  also  ovcrcxprcsscd  in  many  can 
ccrs  of  the  ovaries,  lung,  pancreas,  and  gastrointestinal  tract  (5  7). 
The  ovcrexprcssioo  of  HER  2/ncu  is  associated  with  uncontrolled 
cell  growth  and  signaling,  both  of  which  contribute  to  the  devcl 
opment  of  tumors  (2,  8).  Patients  with  cancers  that  overexpress 
HER  2/neu  exhibit  tolerance  even  with  detectable  humoral  (9). 
CDS  ’  T  cell  ( 10 1.  and  CD4  *  T  cell  (II)  responses  directed  against 
HER  2/neu. 

Ltitena  monocytogenes  is  on  intracellular  puthogen  that  primar 
ily  infects  APCs  and  has  adapted  for  life  in  the  cytoplasm  of  these 
celLs  (12.  13).  Host  cells,  such  as  macrophages,  actively  phagocy 
tase  L  monocytogene*,  and  the  majority  of  the  bacteria  are  de 
graded  in  the  phagolysosome  (14).  Some  of  the  bacteria  escape 
into  the  host  cytosol  by  perforating  the  phagosomal  membrane 
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through  the  action  of  a  hemolysin.  listeriolysin  O  (LLO)4  (13,  15). 
Once  in  the  cytosol,  L  monocytogenes  can  polymerize  the  host 
actin  and  pass  directly  from  cell  to  cell  further  evading  the  host 
immune  system  and  resulting  in  a  negligible  Ab  response  to  L 
monocytogenes  (13). 

L  monocytogenes  is  on  attractive  vaccine  vector  because  pro 
teins  produced  by  this  bacterium  con  be  presented  as  short  peptides 
via  both  the  MHC  class  1  and  class  II  pathways  generating  both 
CDS  and  CD4  *  T  cell  responses  to  these  Ags  ( 16).  Direct  killing 
of  tumor  cells  occurs  through  the  function  of  CD8  *  T  cells,  but 
this  killing  may  be  enhanced  through  the  activation  of  CD4  T 
cells.  MHC  class  11  molecules  present  peptides  derived  from  Lis 
tcrial  proteins  in  the  phagolysosome  to  activa^  CD4  T  cells  ( 16). 
Conversely,  proteins  that  arc  produced  by  L  monocytogenes  m  the 
host  cytosol  are  presented  to  CDF  T  cells  by  MHC  class  I  mol 
ecules  (17.  18).  Taking  advantage  of  the  obiLity  of  L  manocyto 
genes  to  target  Ags  to  both  of  these  pathways  should  lead  to  a 
strong  cellular  immune  res  poo  sc  against  the  Ags  it  produces.  Our 
lab  has  previously  shown  this  in  response  to  the  human  papillo 
mavirus  (HPV)  E7  protein  and  the  influenza  nucleoprotcin  (NP) 
(17,  19  21).  Doth  of  these  systems  used  recombinant  I.  monocy¬ 
togenes  containing  a  plasmid  with  a  truncated,  nonhemolytic,  1.1.0 
fused  to  the  N  terminus  of  cither  E7  (Lm  LLO  E7)  or  NP  (Lm 
LLO  NP)  (17,  19).  In  both  these  cases,  complete  tumor  regression 
can  be  seen  upon  vaccination  of  mice  bearing  tumors  with  the 
target  Ag  1 19, 20).  In  particular,  Lm  LLO  E7  induces  the  complete 
regression  of  >75^1  of  established  E7  expressing  murine  tumors 
This  v  accine  is  also  capable  of  generating  an  E7  specific  CDS  T 
cell  response  that  can  be  used  to  effectively  kill  target  tumor  cells 
in  a  (Tl.  assay,  und  die  antitumor  response  is  abrogated  in  vivo 
upon  depletion  of  CDS  T  cells  (19). 


'  Abbniilirtii  uacti  tx  paper  I.1.Q,  i*lcr<nl>*in  O;  IIPV,  himn  pplkrtwiini, 
VP  nuelocpmcn,  If.%7  pcoticc.  /I  ut»ruc  acii.  *:rn:.  mi  thmirme 
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SUBDOMINANT  RAT  HER  2/ncu  EPITOPES  IN  THE  FVB/N  MOUSE 


Dxscd  do  the  sc  results,  we  have  adapted  the  Lm  LLO  Ag  sy*. 
an  for  the  self  Ag  HER  2/neu.  Several  other  vaccines  using  *Jte 
HER  2/ncu  tumor  Ag  in  the  mouse  have  been  studied  previously 
In  wild  type  FVB/N  mice,  whole  ceil  vaccination  has  been  effec 
rive  m  preventing  tumor  growth  upon  tumor  challenge  but  is  not 
effective  as  a  treatment  for  established  tumors  (22).  Recombinant 
vaccinia  virus  transduced  with  HER  2/ncu  has  also  been  shown  :o 
be  fairly  effective  in  a  tumor  prevention  model  (23).  HSP  110 
HER  2/ncu  chaperone  complex  vaccines  containing  the  intracel 
lular  domain  of  HER  2/ncu  have  also  been  described  previously 
(24).  It  has  been  shown  previously  that  depletion  of  either  CD4 
or  CDS  T  cells  in  tumor  bearing  mice  results  in  decreased  tumor 
regression  vs  undcplcted  mice  (25).  Because  of  the  ability  of  L 
monocytogenes  to  generate  both  an  Ag  specific  CD4  or  CDS  T 
cell  response,  it  appears  to  be  a  promising  vaccine  vector  for  HER 
2/neu.  In  addition,  the  use  of  a  bacterium  such  as  L  monocylo 
genes  to  deliver  fragments  of  i  IER  2/neu  fused  to  1.1.0  may  make 
seif  Ags.  such  as  HER  2/neu.  immunogenic  enough  to  induce  on 
anti  HER  2/neu  tumor  response  in  mice  with  HER  2/neu  positive 
tumors. 

In  this  study,  we  describe  a  scries  of  L.  monocytogenes  bused 
vaccines  for  HER  2/ncu  Each  of  these  vaccines  is  capable  of  sig 
nilicantly  impacting  an  tumor  growth  and  is  able  to  induce  an 
anti  HER  2/neu  CTl.  response,  despite  the  fact  that  there  is  only 
one  known  CDS  T  cell  epitope,  which  falls  into  a  region  covered 
by  only  one  vaccine  I  Em  LLO  EC2)  (26).  These  results  suggest 
that  there  ore  subdominant  HER  2/neu  epitopes  that  are  revealed 
through  this  vaccination  strategy  that  are  immunogenic  enough  to 
induce  CDS  T  cells  that  can  control  tumor  growth.  This  study 
further  attempts  to  determine  whether  these  subdciminan:  epitopes 
are  revealed  through  1)  the  use  of  L  monocytogenes  as  a  vaccine 
vector.  2)  fusion  of  the  Ag  to  LLO,  3)  splitting  HER  2/ncu  into 
fragments,  or  4)  a  combination  of  these  possibilities. 

Materials  and  Methods 

L.  monocytogenes  and  >t* ccine  construction 

Ihe  L  monocytogenes  strum  used  tor  these  studies  an:  Lm  LLO  LCi. 
Lm  LLO  LC2  LmLLO  IiCJ.  Lm  LLO  1C  .  and  Lo  LLO  ICE  all  of 
whach  contain  a  fragment  oc  rat  HLK  2/neu  fused  on  lx  listerul  Ah  gene 
m  in  episamal  expression  system  thtx  tus  been  described  previously  by  our 
lib  1 19,  21 1. Fragments  of  11I.K 2/neu  have  been  cloned  into  the  plasma: 

!  11 

LCI.  303  501  in  Lm  LLO  LC2.  479  655  in  Ln  IXO  EC3,  690  1  (Mil  a 
Lm  LLO  It.  I.  and  1021!  1260  m  Lm  UjO  1C2  isee  f  ig.  Ml.  Loch  fragnera 
•ns  tmeimed  by  PCR  from  the  p.MN  A  plasmid,  which  cecums  the  full 
length  tat  lUH  2/neu  gee  using  the  tblkmmg  prime rv  IX*:  bp  ?a  Wi 
5'-CAGGGGGATGAAATOGATAAGCICGAGCCOCCCOGAA?OGOQG 
GCAC  iXA.X  Vise  underlrxJ  u-d  3  CCCXlACT AGTGA(XTCTTOGTI  A 
ITCGGGGGACACAjCC  i.Ypel  she  underlined);  EjC2  (bp  923  .519)  5'  CC 
GGG*  KXiACTGOCCC  I  ACAACT  ACCTGTCT AGG  Sail  site  underlined. 

and  y  ccggactac vital  non. au  tut  tut 'cttgtagtccccac] 

G 1  GGAQCAGQGOCTG  (Ajprl  sate  uTderiincd.  I  LAG  tog  sequence  in  itoJ 
ics);  BC3  (bp  1451  .981)  5'  CCGGGICGACIGCTTTGTACACACTGT  A 
CCTTOC  (kill  site  underbred.  tad  3‘  CCGGACT  AG  I T!ACH  VI LA 
TCGTtXJ/t.CITlHrAG/LTlOGOCTGGCICTCTOCTCTGC  type  l  site 
mdglmrd.  FLAG  ug  m  italics  t;  1C:  (bp  2<fe4  3259j  5  CCGG 
CTCGAGTAT ACGA IGCGT  AGGCPGCIQC  AGG  (Xfcrf  site  underimed. 
and  3  CXXiGACTAGTAOCCAGTGGAGArCTGGGGGOCOC  (Spel  site 
urderimedi;  aril  1X2  (bp  3073  3796)  SJ  OCGGCTCGAGOGTGAOCTGG 
l  AGAUiL  IGAAG  (XAni  sue  underlined  tad  3  -CCGGAGJ AGTI ACAG 
G7ACATOCAOOOCTAOG  :Aprl  sax  underimed  i  loch  of  these  fragments 
was  amplified  by  K!R  and  cloned  imo  the  pCR  2.:  expresaaaa  system  i  In 
veegen  lafe  7  edaologia).  Each  fragment  was  then  excised  from  the  jCR2. 1 
plasmid  with  the  delineated  enzymes,  lor  all  Ac  constructs,  the  £7  gene  win 
excised  from  the  pGG  55  plaxru:  :  19)  with  XArl  and  Apr i.  1 -icn  HLK  2/ata 
fragment  was  thrr.  ligated  irno  the  E.7  sac  ends  cat  with  .Safi  are  camfutibie 
with  XU  cuts  .  The  XFL  7  strain  19 .  of  L  manix-yrogmej  was  then  elec 
croponced  with  each  plasmid  Uacirnt  were  grown  m  brain  hem  rriuonn 
medium  <BD)  with  50  chloramphenicol  and  txn  frozen  in  1  ml  aliquots 


at  -SCrC.  Ihe  LI),  of  ench  vaccine  »us  determined  as  previously  described 
by  vaccinitcg  nice  wvti  vmou*  dxa  of  each  vaccine  comcuct  1 19|.  Ihe 
LD„  of  each  vaccine  construct  is  as  follows:  1  X  l(f  Cfl.  Jcrl.m  12.0  IX 1. 
5  x  a  t  for  Lm  1X0  liCL  1  x  Iff*  a  t  for  Lm  LLO  Ed.  I  X  10" 
CRJ  ter  Lm  LLO  1C  I.  an:  1  X  11/  a  t  for  Lm  LL0-IC2. 

Lm  IXO -E7  as  used  as  a  control  fee  non  Ag  specific  effects  throughout 
this  study.  This  strain  is  isogenic  with  the  l.m  LLO  111. K  2/neu  strair.v 
except  for  the  Ag  expressed  and  has  been  oesenhed  previously  (19X 

Ihe  ON  A  vaccine*  were  all  cacnod  a»o  the  pcOSA  3.1  plasmid  (In 
vitrogen  Life  lechrjoiogiev).  lull  length  HER  2/nesi  and  the  tJL  1  fragment 
were  amplified  by  W.R  for  both  the  LLO  fused  and  non  LLO  fused  ver 
sions  of  the  ONA  vaccine.  Ihe  primers  used  were  as  follows:  fell  length 
HLK  2/neu  no  fusaan  5 '  CCGGGCTAGCATGGTX ATC  AIGGAOCT G 
GCCGG  lAhrl  site  umlcrtinedl  and  3 ' GCGGGATATC/7A07G7 
CATC (il  t  on  c  TTGTAGTCICA TACAGG l ACATCCAGGCC  ( txdSL\ 
site  underimed.  I  LAG  ug  m  italics,  stop  codon  m  bold);  full  length  111  K. 
Lie.,  fused  to  LLO  5  CCGGGT  CGACA'l GG  FCA  1C  A  FGGAQCT  G 
GCCGG  '..kin  site  underimed  .  aril  the  some  3’  primer  os  for  the  full  lengh 
HLK  2/neu  wvh  to  fusion;  fi Cl  ao  LLO  fusion  5’  primer  some  os  full  length 
HER  2/neu  no  fusion  5  pnraer  and  V  CCGGGA I A TCTTACTTCT C4 / XG 
TCGJCCTTtfrM TTCt CAGACCICTTGGTT  AlTCGGGOG  i&uRV  site 
urdcriined.  f!LAG  tag  in  tubes,  stop  coders  m  hold).  t.Cl  with  LLO  fusion  5 
primer  same  as  tx  5*  primer  used  for  the  full  length  HLK  2/oeu  with  LLO 
fusion  and  3  prancr  same  as  the  3  pnmer  far  KCJ  no  LLO  fitocc.  Ail  the 
fragments  wen:  cloned  into  the  muinckning  sue  of  pcL)\A3. 1  tkmnsireen 
from  the  CMV  prcrocter  either  ccntamrg  LLO  or  nec  LtrArrkhu  colt  were 
tnrscaimed  with  each  plasmid  am  the  tactcna  were  grown  m  Lina  U erica 
medium  i  UL)  •  with  50  arapscillm 

Western  blotting 

The  HFK-J.'-cii  L  *ww»rritivfwi  v«vn e*  were  gnmn  ovruighf  a>  Lu- 
na-Br*t.*ni  mcdivro  with  50  M/ml  chlonmiphOMcnt  .u  ’T  SiiperroZinrH 
■err  TC*A  pmrpitaicv!  >mil  rrvcspcoslod  irs  lx  LDS  sample  buffr*  lln- 
Vrtrtigen  l  ife  Teih*««Ktg.r>|  Fifteen  riiictultlrrx  Of  r*ih  sample  were 
kudci!  on  •  4 - His-Triv  SDS-PAGE  gel  (Inviirwgen  I  rfc  Tcchnolo- 
IXv}  The  grl  then  transferred  to  »  llttmufeilon-P  polyvinylisAenr  flii- 
•  ew'x  rneiTthfnne  (\Qlipoce)  imJ  hkittcxl  with  a  polyek.mil  rabbit  sema 
raised  to  ihe  first  30  residue*  of  the  LLO  pn«o-  (Ntiti-proiinr.  glutamic 
arid,  serine,  and  threonjoe  iPF-ST)!  The  scoonsUry  Ah  was  te  HRP-con- 
jugaieil  anti-rabbil  Ah  i  Amrrsbum  Bioscicrxcs . 

Mice 

Six  to  M  wi  old  female  I  Vlk'N  mice  were  purchased  troo  Charles  River 

lahnnwiB. 

Cell  lines 

The  FVB/N  syngeneic  NT-7  tumor  cell  lira-  *•»«  developed  from  a  spun- 
uncuusly  ocivning  mnimmirv  tumor  in  ;i  FVB/N  HFR-2/netHrnnsgcnic 
iriwc(27)  NT-2  tumir  cell*  consliiutivcly  express  low  levels  of  rat  HFR- 
2/neu  HfKl  are  t  .r-.rrg.-mt  in  wiliMypc  syngenek  nwr  NT-2  cells  werr 
P>»n  m  RPMI  1640  medium  v^ppW-xnicvl  with  20*1  PCS.  10  2  riM 
HFI'F.S.  2  mV  -gluii.-ninr  100  |oM  IKmexsenlsaJ  mint,  acids,  l  mV 
sodium  pyruvate.  50  LWrisI  pcniwllrr  G.  50  gig>>nl  sirT^nomycin.  20  gagOnl 
insulin,  and  7  fig/ml  gent imi inn  hi  3TX*  with  5*4  CO..  NTH  3T3  ivlls  are 
a  mouse  fibniblust  fax  and  the  3T3-ncu  !i*e*  Mere  made  from  these  wild- 
type  cells  as  described  previously  :?6l  Briefly,  wild-type  3T3  edit  wire 
transduced  wilh  overlapping  fragments  of  the  rat  HFR-2/nco  gr-e.  iTnii»*g 
T.me  3T3  KER -2/neu  frafrneni  lines,  uml  one  3T3  line  express rng  the  fv.Il- 
len/'h  rat  HF.R-2/ntv  The  3T3  HFR- 2/neu  fragment  lines  cncienpass  the 
Mkiwmg  ow flapping  aru**»  acid  rrgams:  3T3-neu-l  spin*  1-165;  373- 
•eu-2  148-291;  3T3-ncv-)  ipm  274  -  426  ;  3T3-*eu-l  qnms  410- 

553.  JTJ-ocu-5  spoils  ^31-687.  3T3- neu-6  spcm»  665-820;  3T3-neo-7 
spans  797-952.  3T3-OCU-8  sjun*  929-1085.  mid  3T3-'eu-9  sp».-s  H63- 
1260  Tlie  NTH  3T3  ird  all  Ox  derived  cells  wen:  cultured  in  PMEM 
supplnxntcd  with  1051  FCS.  ?  riV  -glutamine.  118:  nimessncui 

jmrTs.  neiiK  1  mV!  sodium  pyr.  sale.  50 17ml  penicillin  G.  j«kI  50  nv/ml 
strepi.  vnyvin  Cvlture  medium  for  the  3T3-nru  vrll  li^xs  was 
■tlb  1  nig/ml  G*1A  Celk  wrrr  grown  at  37*C  wilh  5%  CO. 

Tumor  regression 

Six  tn  8  wk  old  I  V  Ik'N  mice  were  injected  tx.  on  the  nght  fi ank  with  2  X 
iCf  N I  2  tumor  cells  it  200  of  FBS  Ore  week  posttuocr  mocuijtsor.. 
the  tumors  reached  a  rolpdt*le  sire  at  4  5  mn  Lach  treaunent  group  con 
sisted  o 4  eight  mice,  which  were  vaccmueed  with  0.1  LLL  i.p.  Lm  LLO 
EC  I,  Lm  LLO  LCi  Em  IXO  BC3.  Lm  IXO  1C  I.  Em  LLO  1CL  Lm 
LLO-E7,  or  (US  oc  days  7.  14.  tad  2 1  after  turner  inocuttfian. 
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Measurement  of  tumor  growth 

Tenors  were  measured  every  2  days  with  calipers  spanning  the  thonesx 
and  longest  surface  diameters.  Plot*  show  the  mean  of  these  two  measure 
mencs  ts  the  tumor  me  in  culltmeters  vs  time.  Mice  were  sacrificed  wher. 
mean  tumor  cumeter  reached  20  mm.  arx:  tumor  measurements  far  each 
time  point  are  shown  only  far  the  surviving  mice. 

CDS'  celt  depletion 

CDS'  T  rail*  »rv  drpirtcC  in  NT-2  luraor-branttg  rmt  with  05  of 
2  43  (21  >  un  duy*  6.  7,  8.  II.  4.  17.  20.  and  23  posit  uxnor  injcvt«.m  The 
2  43  (anli-CDS  T  cell)  Ah  wax  afituly  pcfrtlini  f nun  or  >  pn«cr- 

G*Scphmac  cvfcmtn  (Amcrshin  Bioscicrwx)  Thi*  Ah  Hu*  hem  stuiwr* 
by  runy  invcsligfllur*  Ui  spnrirkratly  deplete  only  CD8  T  cell*  It.  con¬ 
trast.  m  similarly  ;w.-ifitd.  nOtyjK-nialchcd  ral  Ah.  Gi  1 17  41  which  pro- 
ifecc*  «r.  *ni »-  E  cnit  f3-£aI»KnfscUv.  ha«d  no  effect  on  lurx*  growth  m 
similar  (nmsplanUMt  tumor  r»«$cK  (19.  28 1  CD8  T  rail  popuhliuw 
weir  reduced  by  >95*  »«  mc-avurrv' by  flow  cytometric  analytic  un  day  24 
«fcitn  not  thowtt)  Mk«  were  vMXinalod  and  femurs  mm  to  red  us  described 
above 

Flow  cytometric  analysis 

FVB/N  mice.  6  8  »k  old.  were  Imrwniigd  with  either  PBS.  0.1  LD.,, 
Lm  LLO  LC2.  as  0.1  LDV|  Lm  LLO  E?  and  ther.  Scooted  21  days  Later 
I  Tree  cokir  Aon  cytometry  for  CDfc  153-6.7.  FITC  cor.iugatedi.  CD62 
Iigtftd  |Md  14,  APC  conjugated)  (BD  Uiasciencr* -.  and  I ll:K  2/ncu  If  2* 
tetramer  (PL  conjugated  -  »as  penormec  using  a  FACSCalibur  flow  cy 
tomeeer  with  Lellljuesx  software  (BD  Bmsdacesk  Ibe  tetramer  was 
kuded  wuh  a  II  2‘  specific  PDSLRDLSVf-  pecode.  1  Kramers  were  pro 
sided  by  the  Kamal  Institute  of  Allergy  and  Infectious  Diseases  Tetramer 
Care  facility  at  I  emory  University  (Atlanta.  GAl.  under  the  directum  of  Dr 
J.  Almun.  icj!  the  National  Institutes  of  Health  AIDS  Research  and  Ref 
erencc  Reagent  Program.  Splcnocyaes  were  harvested  5  days,  after  the  boost 
and  were  stained  at  room  temperature  with  the  tetramer  for  1  h  at  a  1/200 
dilution.  Cells  were  then  vuined  on  ice  with  anti  LDK  and  ami  CD62L  Abs 
far  JO  mtr.  The  splenocyte*  were  then  analy/cc  as  described  above  com 
paring  CD8  .CD62L  '.tetramer'  cells  generated  by  either  PBS.  Lm 
LIjG  EC 2.  or  Lm  LLO  L?  vaccination  Analysis  was  core  using  FkmJo 
software  (Tree  Star  a 

,JCr  release  assay 

Sis-  to  8-wk-oid  FVR/N  mice  were  unmom/ed  ip  wiih  0  I  I.D.„  Lm- 
LLO-EC I .  L»-LLO-€C2.  Ijii-UjO-BC3.  IMIO-IC1  Lro-UO-ICL 
I.m-LLO-F”.  *r  PBS  with  50  />x  »  nt  of  jxrDNA  ncu,  pcONA  IXOacii, 
jvDN'A  EC1 .  or  pc  TVS  A  LLO- BC I  Mer  were  then  vacrifKcd  9  day*  after 
hmnuM/atiim.  ini  xpirenv  were  harvested  Splancyta  weretbrn  cullum- 
wieli  irradiated  NT-2  (Jfl.lKXl  r.uli  tumut  cell*  at  a  1 00- 1  ratio  of  spteno- 
-  i 

turc,  tie  splcooeytcs  wen*  sned  *x  fleeter  cell*  in  a  vundiin'.  ’  Cr  rcloMC 
aanay.  Briefly.  target  cell*  <3T3-wt,  3T3-ncu.  3T3-neu-  3T3-rcu-2.  3T3- 
tcu - 3 .  3T3-ocu-f  3T>-ocu-5  3T3-neu-6  3T3-rcu-7.  3T3-ra*u-8.  and  3T3- 
•xu-9  line*!  were  labeled  wilh  chromium  and  were  ihcn  cul’  -rd  with 
apImKyie*  II  the  F  T  ralwn of  200:1.  IOC-1.  50  ’ .  »ml  25  1  in  triptiettr  fur 
4  h  In  addiliun.  *T3-wt  cell*  were  pulsed  he  h  minimum  **f  I  h  before 
labeling  with  ’’Cr  with  I  *iM  of  >tr  H-28-tpccifiv  P1T5UU315VF  prptidr 
Folkiwr-g  ihc  incubation.  Ofi  pi  of  *upcm!ii»nt  were  assayed  he  '’Cr 
release  The  percent -*prnlir  ly*i»  wax  dcim-mied  a*  ((experimental  counts 
^*r  minute  spontaneous  counts  per  nn*- -vfVuuul  counts  per  mrMc 
t^KHitorciMiK  counts  per  ntmrtr  I)  X  10(1 

DSA  vaccination 

Female  FVR-’N  nur  iKn  were  6-8  w*  nld  were  given  7  x  Hi'  NT-2 
eutnnt  arils  * ,  sm  the  nght  flank  Mice  were  then  vaccinated  i  m  with 
eiihrr  50  Hit  GM-CSF.  50  pt  of  pcDNA  ncu  *■  GM-CSF.  M  of 
^.DNA  LLO- ncu  GM-CSF.  50  ug. ';vHNA  FCl  *  GM-CSF.  or  50 
MK  of  pcDNA  LLO-CC1  >  GMCSF  *w  .  p  -»tli  PBS  <ir  0  I  LDV  Lm- 
IJjO-BCI  The  vaevinc*  were  given  un  slays  3.  10,  mid  18  and  tumors  war 
measured  every  3  d*>>  Mke  were  ttpiteed  when  ihcir  tumor*  remrhevJ  2D 
mm  in  sire. 

Statistics 

Ibe  Student  r  test  was  used  for  suttsaicol  arulyscs.  and  significant  differ 
encex  Ip  <  0.05)  are  natal. 


Results 

Generation  of  L.  monocytogenes  strains  that  secrete  fragments 
of  11  HR  2/nru 

Five  recombinant  L  monocytogenes  strains  that  expreu  and  ve 
ctc'o:  overlapping  fragments  of  the  nr.  I  ICR  2/neu  gene  have  been 
designed  and  constructed  (Fig.  M).  In  the  design  of  these  vaccine 
constructs,  .he  signal  sequence  and  transmcmbranc  domains  a£  IIKR 
2''ncu  have  been  deleted  due  to  the  hydrophobicity  of  these  regions 
and  the  inability  of  L  monocytogenes  to  secrete  extremely  hy  drop  ho 
bic  domains.  All  die  fragments  have  been  cloned  otto  the  pGG  55 
expression  system  described  previously  (19j.  The  Lm  LLO  HER  2/ 
ncu  constructs  have  been  designed  based  on  the  effectiveness  of  an 
artificial  tumor  Ag.  NP.  and  the  HPV  tumor  Ag.  E7.  in  this  system 
(19  21).  The  secretion  of  each  of  the  HER  2/ncu  fragment  vaccines 
has  been  confirmed  by  Western  bkx  of  secreted  Listeria.1  proteins  (Fig. 
1/Tl.  Secretion  of  the  fusion  protein  IXO  E7  by  Lm  LLO  L7  as  a 
control  is  shown  ut  67  kDa.  An  83  IcDa  recombinant  protein  is  ve 
crated  by  Lm  LLO  EC1.  70  kDut  by  Lm  LLO  EC2,  68  kDa  by  Lm 
LLO  EC3.  92.5  kDa  by  Lm  LLO  1C  1 .  and  74  kDa  by  Lm  LLO  IC1 
Each  of  these  strains  is  highly  attenuated  os  compared  with  the  wild 
type  1O103S.  but  the  virulence  of  each  strain  is  comparable  to  Lm 
LLO  E7.  which  U  -1  X  10’  CFL\ 

Vaccination  y,itk  each  Lm  based  HER  2/neu  construct  leads  to 
stasis  in  tumor  gnrn-th 

Lm  LLO  ECl.  Lm  LLO  EC2.  Lm  LLO  EC3.  Lm  LLO  IC1.  and 
Lm  LLO  IC2  were  each  compared  with  PBS  controls  and  Lm 
LLO  E7  vaccinated  mice  for  their  ability  to  impact  on  the  growth 


FIGl-tU*.  1.  Ill-R  2/neu  has  been  broker,  trao  fragments,  and  recccnbi 
runt  L  manontonenrs  is  capable  of  secreting  each  of  these  vaodaes  as  or. 
LLO  fusion  protein.  A.  Rat  HER  2/ncu  was  broken  into  fragments  for  the 
coostructinn  of  a  senes  of  Lm  LLO  HLK  H'ncv.  vaccines  as  descnbec  un 
oer  StaienaLi  anil  Methods,  li,  following  the  cocsnucncr.  of  each  of  these 
vaccines,  the  secretion  of  the  fuctan  peptides  was  coohmed  by  Western 
bkit  analysts  Marker  iktv  l).  Lm  L1X>  E7  ((one  2\,  Lo  LLO  LCl  Haste 
I\.  Lo  LLO  LC2  l lav  4\.  Ixi  LLO  «CJ  \!ane  J),  Lm  LLO  1C  1  (tone  6). 
and  Lm  LLO  IC2  liunr  7k  *  denote*  the  band  for  endogenous  1X0  se 
crated  by  all  L  mastacytogenes  Ihe  Ustena  vaccines  were  grown  over 
flight  at  J7X  in  Luria  Ikrtani  broth.  Supernatants  were  FCA  prccipiutoi. 
and  15  *al  cif  each  sample  were  analyzed  by  Western  blot  analysts.  The  blot 
»as  pro  bee  with  an  sra  PEST  rabbit  serum,  followed  by  1IKP  conjugates: 
anti  rabbit  secociiirY  Ab.  The  btoc  was  developed  using  LCL  dcteetier. 
reagents 
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of  the  rat  HER  2>'ncu  expressing  tumor  line.  NT  2.  FVB/N  mice 
were  given  s.c  NT  2  tumor  injection*  on  the  right  flank  that  pro 
due  cel  palpable  tumor*  of  4  5  mm  7  days  later.  Mice  were  given 
weekly  i.p.  injection*  of  0  1  LD*  Lm  LLO  ECI.  Lm  LLO  EC2. 
Lm  LLO  EC3,  Lm  LLO  ICl.  Lm  LLO  1C2,  or  the  control*  Lm 
LLO  E7  or  PBS.  Neither  the  PBS  nor  Lm  LLO  E?  injection*  had 
any  impact  on  tumor  growth,  but  within  a  week  of  the  first  vac 
cinatian  with  either  Lm  LLO  EC1.  Lm  LLO  EC2,  Lm  LLO  EC3. 
Lm  LLO  IC 1 ,  or  Lm  LLO  1C2,  NT  2  tumor  growth  became  static 
and  remained  to  until  the  experiment  was  terminated  at  90  day* 
(Tig.  2,  A  and  B)  This  cessation  in  tumor  growth  remained  well 
after  the  last  I IER  2/ncu  vaccination  on  duy  2 1 .  and  a  subsequent 
regression  of  turnon  in  some  of  the  mice  wax  observed.  Three  of 
eight  of  the  mice  with  Lm  1X0  EC2  and  Lm  IXO  EC3  vaccina 
lions  were  completely  cured  of  their  turnon,  while  one  of  eight 
mice  vaccinated  with  Lm  LLO  EC1  or  Lm  LLO  ICl  showed 
complete  tumor  regression.  None  of  the  turnon  in  the  Lm  LLO 
1C2  vaccinated  group  underwent  a  complete  regression,  but  the 


FIGURE  2.  Lm  LLO  ECI.  Lm  LLO  UCl.  Lm  1X0  1X13.  Lm  LLO 
1C . .  cc  Lm  LLO  1C2  route  a  halt  ir.  minor  growth  at  established  NT  2 
tumors.  FVB/N  nuce  i  tight  per  group)  were  given  2  x  IlF  NT  2  cells  by 
sc  injection  on  the  ngfx  flank.  On  days  ?,  14,  uuf  21  after  tumor  chal 
lenge,  mice  w  ere  treated  with  0.1  LLk  fun  LLO  1X1.  Lm  LIjO  LC2,  Lm 
1X0  EC3,  Lm  LLO  ICL  Lm  LLO  JC2,  and  Lm  LLO  E7  or  2DU  ^  of 
PBS.  Loch  data  point  represems  be  average  tumor  diameter  of  one  mouse 
at  a  given  time  point  as  measurcc  »«h  calipers  Mice  were  sacrificed  when 
the  average  tumor  diameter  reached  2.0  cm.  and  the  tumor  measurement* 
for  each  time  point  ire  only  Micron  for  the  surviving  msec  Representative 
figure*  of  two  experiments  see  shown.  Lm  LLO  LCl,  Lm  LLO  IX X  and 
Lm  LLO  EO  <A);  Lm  LLO  1C:  and  Lm  LLO  1C2  (fiy 


tumor  growth  of  the  mice  in  this  group  remained  static  and  in  some 
case*  the  tumor  size  decreased. 

CDS  T  cells  are  necessary  for  Lm  LLO  HER  2/neu 
vaccine  ^ECfmwri 

Ear  both  Lm  LLO  E7  and  Lm  LLO  NP,  CDS  T  cells  ore  ahso 
lately  necessary  far  vaccine  effectiveness  fl9i.  FVB/N  mice  were 
depleted  of  CDS  T  cells  after  establishment  of  NT  2  tumors. 
Upon  depletion  of  CDH  T  cells  with  the  and  CDS  Ab  2.43.  each 
of  the  Lm  LLO  1IOI  2/ncu  vaccines  lost  all  effectiveness  (Fig.  3. 
A  and  B ).  Tumor  growth  in  mice  that  were  not  depleted  of  CDS 
T  cells  could  be  controlled  with  vaccination  of  the  mice  with  Lm 
LLO  ECI.  Lm  LLO  EC2.  Lm  LLO  EC3,  Lm  LLO  ICl.  and  Lm 
LLO  IC2  an  days  7.  1 4.  and  2 1 .  Growth  of  tumor  in  PBS  mock 
vaccinated  mice  from  a  similar  experiment  i*  shown  in  Pig.  6C  for 
comparative  purposes.  The  growth  of  tumor  in  PBS  vaccinated 
mice  is  similar  but  slightly  slower  than  the  growth  of  tumors  in  the 
Lm  LLO  I  IER  2/neu  vaccinated  mice  that  were  depleted  of  CDS 
T  cells  fFig.  30-  Thi*  suggests  that  endogenous  CDH  ’  T  cell* 
induced  by  the  tumor  may  be  slowing  tumor  growth  in  unvacci 
nated  mice  as  we  have  previously  observed  m  ocher  tumor  model* 

aw 

Ijn  IJ.O  EC2  vaccination  induces  an  increase  in 
HER  Ztoeu  specific  CDS  T  cells 

The  CD®  *  T  cell  depletion  tumor  regression  experiment  shown  in 
Fig.  3  clearly  shows  that  CDH  '  T  cell*  have  an  essential  role  in  the 
control  of  NT  2  tumor  growth.  Measurement  of  the  IIER  2/ncu 
specific  CD®  T  cell*  activated  through  vaccination  with  the  rLm 
constructs  can  be  performed  by  tetraroer  onaly sis.  Thi*  analysis  i* 
only  passible  far  the  Lm  LLO  EC2  construct  because  the  only 
CD®  T  cell  epitope  known  for  the  PVB/N  mouse  is  from  aa 
420  429.  which  is  contained  within  the  EC2  fragment  (26).  Mice 
were  vaednared  with  0. 1  LD%J  Lm  LLO  EC2  or  Lm  LLO  E7  or 
injected  with  PBS  and  then  boosted  21  days  later.  Splenocytes 
were  then  stained  with  the  II  2'  tetramer  loaded  with  the  PD 
SI.RDLVT  peptide,  and  the  activated  CDH  T  cells  were  analyzed 
to  determine  the  percentages  that  were  tetramer  positive  (Fig.  4).  A 
5  fold  increase  in  tetramer  positive  cells  in  the  spleens  was  ob 
served  in  non  tumor  bearing  FVB/N  mice  after  vaccination  with 
Lm  LLO  EC2  vs  injection  with  either  Lm  LLO  E7  or  PBS. 

CTL  analysis  shows  the  induction  of  CDS  T  cells  against 
subdommant  epitopes 

Because  each  Lm  LLO  HER  2/neu  vaccine  is  capable  of  impact 
ing  on  tumor  growth,  yet  only  one  FVB/N  CDS  T  cell  epitope  has 
been  described.  CTL  assays  were  performed  using  3T3  cell  lines 
expressing  HER  2/neu  fragments  to  determine  which  region*  of 
HER  2/neu  contain  a  potential  epitope.  Mice  were  immunized  with 
one  of  the  Lm  LLO  HER  2/neu  vaccine*,  and  the  splenocyte* 
were  used  as  effector  cells  in  a  standard  51Cr  release  assay.  Initially 
each  vaccine  wo*  tested  with  wild  type  3T3  cell*  as  targets  for  a 
negative  control  and  3T3  cells  transduced  with  full  length  rat 
I  IER  2/ncu  (26)  as  a  positive  control.  Each  vaccine  is  capable  of 
inducing  an  air.i  HER  2/ncu  CTL  response  as  evidenced  by  the 
specific  lyxis  of  3T3  ncu  cells  vs  wild  type  3T3  cells  (Pig.  5.  A  and 
B).  Splcnocyres  from  PBS  vaccinated  mice  produced  little  lysis 
regardless  of  the  EtT  ratio,  while  >20%  lysis  of  3T3  ncu  cells  was 
produced  by  each  of  the  Lm  LLO  HER  2/neu  vaccine  constructs 
at  EtT  ratios  of  200tl  or  lDOtl.  Splenocytes  from  PBS  vaccinated 
mice  were  used  as  a  control  for  all  subsequent  CTL  assays  because 
no  difference  in  lysi*  of  3T3  wt  and  3T3  neu  cell*  was  seen  using 
either  PBS  or  Lm  LLO  E7  primed  CTLs  (Fig.  5,  C  and  D).  Both 
PBS  and  Lm  LLO  E7  vaccination*  induced  a  very  low  level  of 


Reshma  Singh 
W8 1 XWH-04- 1-0338 


The  Journal  of  Immunology 


FIGURE  J.  CD6  ‘  T  atlK  jut  BCCOHry  for 
Ln-IJLO'HEX~2/taCU*indiKxd  luniur  'tfasis 
FVB/S  mce  (si*  rmc  per  group)  w-err  given  2  X 
'.(?  NT-2  aril*  by  *  c  irvciliun  »»-,  the  right  flic.'* 
Mur  wrrr  iroitcvi  with  01  LD,  LrvLLO-FCl . 
Lm-lJLO-EC2.  Lm-LLO-«X3>  I-m-IXO-ICl.  or 
Lni4LLO-IC2  un  ilnys  7,  14.  .«m)  2 1  aHer  tumor 
challenge  Mire  were  treated  with  0  5  mg  of  *  4' 
(■mi-CPIJ  Ah)  on  .Jay*  6,  7. 8. 11.  14. 17.  20.  ird 
2?  following  tunwe  challenge  Mire  were  *aeri- 
fired  “hen  Ueronr  diameter  reached  *  20  ctn.  trC 
the  lurmr  mcasc-Ternm*  «t  each  time  ;»«m1  are 
*Ikiw-  irdy  he  the  surviving  iwr  A.  lan-IXO- 
EC1.  Lm-ILOfiCJ.  and  Lro-LLO-EC3  both  de¬ 
pleted  and  imdrpfctrd  he  CD#  T  retls  H.  Lm- 
UXMC1  -.ml  |„-n-IJ.O-IC2  bo*  dcpIrtoJ  ar^ 
c'aicpiclpd  for  CDK  T  cclk  C.  PRS-sareiruitoi 
mire  that  are  nut  depleted  of  CD8  *  T  «fl* 


D*  *MTmi 


nonspecific  lysis  that  was  virtually  equal.  The  levels  of  lysis  seen 
from  the  l.m  LLO  HER  2/ncu  vaccination*  with  any  of  the  HER 
2/neu  expressing  cell  line*  Is  similar  to  the  lysis  observed  by  puls 
mg  3T3  wt  target  cells  with  the  known  FVB/N  CDS  T  cell 
epitope  peptide  at  high  E:T  ratios  (Fig.  SIT).  However,  the  lysis 
observed  when  not  targeting  a  specific  peptide  titrates  out  by  50:1. 
whereas  with  a  known  peptide,  a  significant  level  of  lysis  can  still 
be  seen  at  an  E:T  ratio  of  25:1  (Fig.  5 E).  This  illustrate*  the  fact 
that  although  these  assays  can  be  used  as  a  guide  to  where  in  the 
HER  2/neu  sequence  potential  CDS  T  cell  epitopes  arc  located, 
once  a  specific  peptide  sequence  is  identified,  more  sensitive  CTL 
assays  can  be  done. 

Following  the  determination  that  each  of  the  vaccine  constructs 
was  capable  of  eliciting  an  anti  HER  2/neu  immune  response  in  a 
CTL  assay,  a  panel  of  3T3  cells  expressing  fragments  of  HER  2/ 
neu  1 26)  were  used  as  target  cells  foe  vaccinations  with  each  of  the 
corresponding  rLm  vaccines  (Table  I>.  Each  vaccine  is  capable  of 
eliciting  a  CTL  response  to  at  least  ooe  fragment  of  HER  2/ncu. 
Sevcrui  fragments  of  HER  2/neu  likely  contain  a  subdominant 
epitope  as  evidenced  by  lysis  that  was  significantly  different  from 
controls  I  p  <  0.051  Based  on  the  CTL  analysis  of  this  panel  of 
target  celLs.  regions  of  HER  2/neu  with  potential  subdominant 
epitopes  for  the  FVB/N  mouse  have  been  identified. 

Fusion  to  U.O  and  delivery  by  L.  monocytogenes  enhances  the 
immunogenscity  of  HER  2/neu 

There  arc  several  possibilities  for  why  these  recombinant  L  mono 
cytogenes  vaccines  are  capable  of  revealing  subdominant  epitopes 
when  other  vaccination  strategics  have  not  The  Lm  LLO  HER  2 1 


neu  vaccines  may  be  revealing  these  subdociunant  epitopes 
through  1 1  delivery  by  Z_  monocytogenes.  2 1  fusion  of  the  target 
tumor  Ag  to  LLO.  3  t  breaking  HER  2/neu  into  fragments,  or  4)  a 
combination  of  these  factors.  To  determine  which  of  these  factors 
contributes  to  the  enhanced  immunogcnicity  of  HER  2/neu  in  the 
l.m  LLO  HER  2/neu  system,  a  series  of  DNA  vaccines  were  con 
structed.  Only  the  EC1  fragment  was  made  to  study  the  effect  of 
breaking  HER  2/neu  into  pieces  because  each  Lm  LLO  HER  2/ 
neu  vaccine  worked  equally  well  in  tumor  regression  studies. 
These  vaccines  cooust  of  a  pcDNA  3.1  backbone  containing  one 
of  the  following  inserts:  full  length  HER  2/ncu  (pcDNA  neu),  full 
length  HER  2/neu  fused  to  LLO  (pcDNA  LLO  neu),  the  EC1  frag 
rnent  (pcDNA  ECI  |.  or  the  EC  I  fragment  fused  to  LLO  (pcDNA 
LLO  EC1). 

Following  the  construction  of  die  pcDNA  HER  2/ncu  vaccines, 
a  tumor  regression  experiment  was  done  comparing  these  con 
structs  with  Lm  LLO  EC1.  Mice  were  given  7  X  10'  NT  2  cells 
s.c.  and  were  vaccinated  i.m.  with  the  DNA  vaccines  plus  GM 
CSF  on  a  separate  pcDNA  3  1  plasmid  and  ip.  with  Lm  LLO  EC  I 
or  PBS  on  days  3.  10.  and  18.  GM  CSF  was  included  as  an  odju 
von:  for  the  DNA  vaccines  because  of  its  ability  to  enhance  the 
efficacy  of  DNA  vaccines  (29).  The  best  vaccine  based  on  this 
experiment  was  Lm  LLO  EC1  (Fig.  M).  Two  Lm  LLO  EC1  vac 
ciliated  mice  neveT  developed  tumors  and  two  more  later  regressed 
their  tumors  compared  with  the  pcDNA  LLO  EC1  group  in  which 
one  mouse  never  developed  a  tumor.  By  day  62.  the  differences  in 
tumor  sizes  of  the  Lm  LLO  EC1  and  pcDNA  LLO  EC1  groups 
axe  statistically  different  ( p  <  0.05 1  and  remain  so  on  day  76  by 
which  time  there  are  four  mice  in  the  Lm  LLO  EC1  group  without 
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FIGURE  4.  I  .tn-I  AO-EC2  imbue*  *  3-fold  inrx*x-  m  tctnuncr  .CDS' 
T  irlh  FVB/N  r-iKv  »tn  tnmujnimJ  trC  boosted  2 1  day*  lain  wiih  0 
LD^,  Lm-LLO-6C2  and  Lffl4AO-£7  200  *il  of  PBS  Rvr  day*  afkr  the 
vplcmx-yirs  »rrr  *tiinr{!  with  an  H-2*1  HFJt-2/acu  trlrarrr,  test- 
CD8,  and  aim-CnWI 


tumor*,  compared  with  only  one  mnuve  in  the  pcDNA  LLO  EC  I 
group.  Fusion  to  LLO  was  also  compared  through  pcDNA  EC1  vs 
pcDNA  LLO  EC  I  and  pcDNA  neu  vs  pcDNA  LLO  neu  (Fig.  6.  B 
and  C)  The  constructs  where  either  the  full  length  HER  2/ncu  or 
die  EC1  fragment  are  fused  to  LLO  ore  clearly  better  in  terms  of 
tumor  regression  as  compared  with  the  unfused  versions.  Mice 
vaccinated  with  either  of  the  unfused  vaccines  developed  tumor* 
that  grew  at  the  some  rate  as  those  in  control  mice  vaccinated  with 
just  GM  CSF,  which  grew  slightly  slower  than  the  tumors  in  mice 
vaccinated  with  only  PBS.  These  differences  in  tumor  sizes  for 
pcDNA  EC1  vs  pcDNA  LLO  EC1  and  pcDNA  neu  v*  pcDNA 
LLO  ncu  vaccinated  mice  are  statistically  significant  \p  <  0.01) 
on  day  62  posttumor  inoculation.  The  effect  of  breaking  HER  21 
neu  up  into  smaller  pieces  was  tested  by  comparing  pcDNA  LLO 
neu  vs  pcDNA  LLO  EC1  and  pcDNA  neu  vs  pcDNA  EC1  (Fig  6. 
D  and  £D-  Although  there  does  seem  to  be  minor  differences  in  the 
tumor  sizes  between  pcDNA  LLO  EC1  and  pcDNA  LLO  ncu  be 
tween  days  62  and  90  (Fig.  6 D).  this  difference  is  not  statistically 
significant.  No  difference  could  be  seen  between  the  pcDNA  ncu 
and  pcDNA  EC1  vaccinated  mice,  and  tumors  in  both  of  these 
groups  grew  out  as  rapidly  os  the  GM  CSF  controls  (Fig.  6£). 

Broad  CTl.  response  to  LLO  fused  DMA  vaccines  vs  un  fused 
DSA  vaccines 

Each  of  the  DNA  vaccines  was  further  analyzed  using  the  standard 
*  'Cx  release  assay  as  described  above.  The  LLO  fused  versions  of 
either  full  length  HER  2/ncu  or  the  EC1  fragment  were  capable  of 
inducing  T  cells  that  lysed  more  of  the  3T3  neu  target  cell  lines 
than  did  the  nor.  LLO  fused  DNA  vaccines  (Table  II).  pcDNA  ncu 
induced  u  strong  CTL  response  against  only  the  3T3  neu  4  target 
cell  line,  the  line  that  contains  the  H  2^  cpttopc  previously  de 
scribed  by  ErcoLini  et  al.  (26).  The  fusion  of  the  full  length  HER 
2/neu  to  LLO  resulted  in  a  broadening  of  the  regions  that  could  be 
recognized  by  CTl.*.  and  the  same  result  was  seen  with  the  EC  I 


tt« 


»!<**• 


FIGURE  5.  Each  of  «hc  Lm-LI.O-HER-2/ncu  vaccine  cutttim.!*  m- 
durrs  slim  Ur  levels  of  anti-HKR-2/ncu  CTl.  Ktiniy  FVB/N  mur  were 
imrauaued  with  0.1  LDV1  Lro4AO-ECl.  Lm-LLO-BCZ  lz-*-LLO-FC3. 
Lm-tAO-ICl .  «nd  l,ni*l  JXMC?  Splmwytc*  wc?r  harvested  9  day*  liter 
•ml  culiumt  with  i-rubaicd  NT-2  cell*  f»r  days  FaUuwing  this  reshmu- 
UtKNi,  CTl ,  activity  was  tnr.niimJ  in  a  4-h  '  Cr  rclc«*c  front  wild-type  3T3 
(A)  w  377-neu  IfulHengtli  HER-2/eru)  iff!  Uryrls  The  ability  of  *plcm>- 
cytcs  Trotn  PRN-v  jKvinioed  m*c  »as  uriptm)  with  vpknm-vtc*  from  Lm- 
UjO-E7  mire  with  cither  wild-type  7T3  (O  or  'TVneu  IP  t  iir/rt  relh  F.. 
V  i  si  mil  lewd*  of  lysi*  ut  this  type  of  *****  w»*  dctcrrvmoJ  hy  thr  use  of 
■ikJ-fypr  377  tarjjet  cells  pulsed  with  the  H*2*-spoc»fu  ;ept*!r  Result* 
are  ftbowft  as  the  mean  of  tnpliciac  cultures  Thc*c  revolt*  art  representa¬ 
tive  of  five  ctprrirenl* 


fragment  fused  to  LLO  vs  the  non  LLO  fused  EC  1.  Thus,  whereby 
only  3T3  ncu  I  and  3T3  neu  4  were  targeted  for  lysis  by  pcDNA 
neu  splenocytes,  3T3  neu  1.  4,  5.  and  9  were  targeted  by  spleno 
cytes  from  pcDNA  LLO  neu. 

Discussion 

Fusion  of  fragments  of  HER  2/neu  to  a  truncated  form  of  the  L 
monocytogenes  hemolysin.  LLO,  and  the  delivery  of  the  fusion 
constructs  by  L  monocytogenes  increased  the  immunogcmcity  of 
this  self  Ag.  Five  vaccines  were  constructed  containing  overlap 
ping  fragments  of  the  rat  HER  2/neu  gene  fused  to  a  membrane 
inactive  form  of  LLO.  Based  on  previous  epitope  mapping,  only 
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Tabic  I.  tUfioKs  of  /ILK  1/neu  wtih  pctenrtaJ  II 2*  epitope  i  baird  on  percent  specific  fats  from  CTL 
amiss  is  and  the  corresponding  vaccines 


I.»»u  at 
T**ct  Celt* 


Latma  Strain 

Sru  Repin  Spanned 

Prncnl  Specjtc 

2tt>! 

100:1 

Ncu  R;p«:ci  Cmiimof 

LnXLOECI 

20-326 

TT.Wu-1 

14  3# 

07 

20-148 

?T3-wi-2 

0 

0 

TTWu-3 

6  5* 

3  5 

29 1-326 

Un-LLO-EC2 

303-501 

3T3-«cu-3 

10.9* 

74 

303-626 

3T3-reu-l 

23  V 

8  4* 

41 0-501 

U&-LL0-EC3 

479-655 

3T3-«ieu-4 

1 

0 

3T3-«ku-5 

<4  4* 

25  3* 

531-655 

Lm-LLO-ICl 

690-1081 

3T3  mu  6 

69- 

9* 

690-797 

3T3  ccu-7 

0 

2  3 

3T3  mu  3 

IS  2* 

64 

95:- urn  I 

i.m-iin-ir? 

1020-12 <0 

10  3' 

8  2* 

1020-1085 

3T3-tcu-9 

16  5 

0 

1063-1260 

*  l.yo  of  carpet  ccIU  aa  pciicm  lyaia  mun  hajk/nr.r»l  '.ym*  by  PBS  unaoi  TKcinMtl  xusx  tor  dx  F.  7  nou«  of 

iff- 1  asti  100  I  r_a»h  *»tl]  *  aa  up  it.  cnpbcalc.  mi  the  rouilu  of  a  rrprc»errjf»r  expertrsm:  arc  •  Jems;* 

•Ulirtuillp  lipmfiuit  lyu<  abewre  backfRunl  kxl  tip  <  00$  {fanffi  ipcnii  lyai  bcfwc  uiltraclRp  bacipicwil  FSS  U »i» 
wa»  cakulnoi  at  pcxcect-rpccifi;  Iy>"  -  300  i  rxpmrsamal  Ivua  -  ipcoaxiMi  iyas  aVutai  lyu  -  ^oatinoxu  3p»ul  . 


iKe  Lm  LI.O  EC2  vaccine  was  expected  to  generate  an  anti  HER 
2/ncu  tumor  response  because  this  vaccine  contains  the  only  pre¬ 
viously  described  rat  III1R  2.'nej  epitope  for  the  FVB/N  mouse, 
although  there  is  evidence  that  this  may  not  be  the  immunodom 
inant  epitope  in  the  HER  2/ncu  transgenic  mouse  (26.  30).  Sur 
pri singly,  each  of  the  five  vaccine  constructs  generated  an  antitu 
mor  immune  response  that  resulted  in  stasis  of  tumor  growth  and 
eventually  a  late  onset  of  regression  in  a  subset  of  the  vaccinated 
mice.  The  antitumor  immunity  observed  absolutely  required  CDS 
T  cells.  The  fad  that  each  of  these  vaccine  constructs  could  gen 
crate  I  ICR  2'oeu  specific  CDS  T  cells  and  an  antitumor  response 
suggests  that  vubdominant  MI  1C  class  I  restricted  HER  2/ncu 
epitopes  are  being  revealed  through  the  use  of  these  vaccines.  This 
study  shows  that  these  epitopes  emerge  not  only  through  the  use  of 
L  monocytogenes  as  a  vaccine  vector  but  oLso  through  the  fusion 
of  the  HER  2/neu  fragments  to  LLO. 

Fusion  to  LLO  was  originally  performed  to  ensure  that  the  target 
Ag  would  be  secreted  by  recombinant  L  monocytogenes,  resulting 
in  presentation  of  the  secreted  target  Ag  by  the  MHC  class  I  path 
way  and  the  generation  of  a  CDH  *  T  cell  response  (17).  However, 
subsequent  to  these  earlier  experiments,  we  found  that  fusion  of 
target  Ags  to  either  LLO  or  a  PEST  like  sequence  contained  in 
LLO  resulted  in  an  increased  antitumor  response  (31).  The  exact 
reason  for  this  enhancement  in  immunogemcity  of  fused  Ags  is  not 
yet  clear,  but  we  hypothesise  that  these  fused  Ags  arc  more  readily 
degraded  by  the  protcasame  and  subsequently  targeted  to  the  class 
I  pathway.  Decatur  and  Portnoy  (32)  have  shown  that  deletion  of 
a  PEST  like  sequence  toward  the  N  terminus  of  LLO  results  in  an 
accumulation  of  LLO  in  the  cytosol  of  the  host  cells,  which  sug 
gesis  that  this  sequence  may  target  LLO  for  degradation.  However, 
we  believe  that  LLO  is  doing  more  to  increase  the  immunogcnicity 
of  target  Ags  than  simply  increasing  the  degradation  and  subse 
quent  presentation  of  these  Ags.  We  compared  vaccines  where  the 
tumor  Ag  is  fused  to  LLO  vs  fusion  to  PEST  and  showed  that  both 
elicited  similar  antitumor  immune  responses  (31  >.  However,  even 
fusing  the  Ag  to  a  LLO  molecule  from  w  hich  the  PEST  sequence 
hus  been  deleted  resulted  in  better  antitumor  efficacy  than  using  the 
Ag  alooe.  suggesting  that  LLO  may  have  an  adjuvant  effect  quite 
apart  from  enhancing  Ag  processing.  We  have  shown  previously 
using  vaccines  that  deliver  the  HPV  16  E7  Ag  that  Lm  LLO  E7 
can  mature  bone  marrow  derived  dendritic  cells  and  up  regulate 


costimulatory  molecules,  whereas  Lm  E7  docs  not.  which  also 
points  to  an  adjuvant  effect  foe  LLO  (33). 

Potential  regions  of  HER  2/neu  with  vubdominant  epitopes  have 
been  identified  through  CTL  analysis  following  vaccination  of 
mice  with  DNA  vaccines  consisting  of  citheT  full  length  or  the 
EC  I  fragment  of  HER  2'ncu  both  fused  to  LLO  and  unfused.  Lysis 
of  regions  of  HER  2/neu  not  containing  the  identified  dominant 
epitope  (26 1  was  seen  with  each  of  the  four  DNA  vaccines.  A 
broadening  of  the  regions  of  HER  2/neu  with  potential  epitopes 
based  on  this  CTL  analysis  can  be  observed  with  fusion  to  LLO. 
further  solidifying  the  theory  that  LLO  enhances  the  immunoge 
nicity  of  target  Ags  leading  to  the  revelation  of  subdominant 
epitopes.  Comparing  the  DNA  vaccines,  it  is  clear  that  fusion  of 
the  full  length  ncu  to  LLO  increases  the  regions  of  ncu  that  are 
recognized  from  two.  with  no  LLO  fusion,  to  four  with  LLO  fusion 
(Table  II).  However,  this  expanded  response  was  ixx  equal  to  the 
responses  seen  with  the  Listeria  based  HER  2/neu  vaccines,  as  a 
total  of  nine  regions  with  potential  epitopes  have  been  identified 
with  these  vaccines  (Table  I).  Furthermore,  the  comparison  of  tu 
mor  regression  induced  by  pcDNA  LLO  EC  I  with  that  of  Lm 
IXO  EC1  shows  that  Lm  LLO  EC  I  is  superior  to  pcDNA  LLO 
ECl  (Fig.  6A).  Therefore,  the  increased  epitope  recognition  of  the 
Listeria  based  vaccines  vs  the  DNA  vaccines  is  likely  due  to  en 
honcement  of  the  magnitude  of  the  immune  response  through  de 
livery  by  Listeria,  which  enhances  the  detection  level  of  weak 
epitopes.  These  DNA  vjccinc  results  suggest  that  some  epitopes, 
but  not  alL  con  be  revealed  through  fusion  to  LLO.  but  some  need 
the  additional  boost  of  delivery  by  L  monocytogenes  as  well,  per 
haps  because  of  the  added  danger  signals  provided  by  a  live  vac 
cine  vector  (34)  in  addition  to  direct  delivery  to  the  MHC  class  I 
pathway  of  Ag  processing  by  professional  APCs. 

DNA  based  vaccines  targeting  HER  2/ncu  have  been  evaluated 
by  other  groups  in  transplantable  tumor  models  (35  3B).  A  major 
difference  between  the  Lm  LLO  or  DNA  LLO  HER  2/neu  vac 
cine  studies  described  here  and  those  performed  by  other  groups  is 
that  all  of  our  vaccines  were  tested  in  a  therapeutic,  rather  than  a 
prophylactic,  mode.  In  our  studies,  the  first  DNA  vaccination  was 
given  3  day  s  after  injection  of  the  tumor  but  before  the  appearance 
of  a  palpable  tumor.  In  the  pcDNA  LLO  EC  I  group,  one  mouse 
never  developed  a  tumor  and  one  mouse  later  rejected  its  tumor, 
whereas  there  was  a  slow  growth  of  tumor  in  the  pcDNA  IXO  ncu 
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SUBDOMINANT  RAT  HER  2/ncu  EPITOPES  IN  THE  EVB/N  MOUSE 


A  B 


C 


D 


E 


FKil’ R>.  6.  Delivery  by  L  monoon  renrr  mJ  fusion  to  1X0  increases  the  antitumor  immune  response  of  HER  2/ncu  vaccines  IVB'S  mice  height  per 
fnxipi  received  7  X  ll>‘  NT  2  cell*  by  s.c  ejection  in  the  right  Hank.  Mice  were  treated  oa  day*  3.  10,  and  IK  wsth  U'.  LDV  Ixj  LLO  LCI  or  SO 
of  pcDNA  neu  -  CM  CSF.  pcDNA  LLO  oeu  *  GM  CSF,  pcDNA  LC1  ♦  GM  CSF.  pcDNA  LLO  EC  I  +  GM-CSF.  GM  CSI  alone.  or  PBS  Ihe  average 
tumor  diameter  wo*  measured  with  calipers,  and  is  shemn  for  each  mouse.  Mice  were  sacnticed  when  tumor  diameter  reached  -10  cm.  and  tumor 
measurements  are  on!>  shown  for  the  surviving  mice  a  each  ame  point  Lm  LLO  ECl  vs  pcDNA  LLO  LCI  GM-CSF  IA>,  pcDNA  l:Cl  +  GM  CSF 
v*  pcDNA  LLO  LCI  -  GM  CSI  iffi.  pcDNA  neu  +  GM  CSI  vs  p:UNA  1XO  neu  -  GM  CSF  (O,  pcDNA  LLO  net.  +  GM  CSI  vs  pcDNA  1X0- LCI 
+  GM  CSI  (/J)u  and  pcDNA  neu  -  GM-CSF  vs  pcDNA  FC1  -  GM-CSF  l£). 


group  (Fig.  6 D).  The  Lm  LLO  HER  2/ncu  vaccines  urc  given  7 
day*  posttumor  injection,  at  which  point  there  is  u  4  to  5  mm 
macroscopic  tumor  present.  A  subset  of  mice  v  accinated  with  these 


vaccines  do  completely  regress  their  tumors,  which  Is  a  very  im 
panam  result  because  i:  L*  extremely  difficult  to  cause  the  regres 
sioc  or  induce  a  halt  in  die  growth  of  established  tumors  The 
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fable  II.  Kegtons  rY  HER  2/> iru  niih  potential  epitope*  based  on  DNA  waccmarusns  of  wi  /  VB  mire 


Jjjtme  Strain 

Nru  Repins  Spimcd 

Pcrcmi  -  Specif*; 

Tufft  Cclm‘ 

200  1  ICO  |  Sea  R{p:r.i  Ciaiamuf  u  fpra-'pc 

pcONA  ncu  -  GM-CSF 

1-1260 

JT3-eeu- 1 

17,4* 

12.4* 

20-148 

Tn-'cu-? 

0 

0.1 

3T3hsco-3 

0 

16 

7T3-4CU-4 

234* 

195* 

410-479 

3T3-oeu-5 

0 

0.3 

?T3-eu-6 

2  6 

0 

?T3-ocu-7 

0 

06 

3T3-*««i-8 

0 

1.2 

3T3*-cii-9 

0 

0.1 

pcONA  ULO-ncu  ♦  GM-CSF 

1-1260 

5T3-*cu-l 

30.9* 

20  5* 

20-148 

JT3-«cu-2 

04 

0 

3T3-reu-3 

1.9 

1.7 

?T3-cu-4 

31,2* 

25  5* 

410-501 

3T3-rru-5 

6.4* 

6.4 

479-531 

3T3-acu-6 

0 

0 

?T3-*eu-7 

0 

25 

3T3-tjcu-8 

0 

4 

TT3-ncu-9 

21* 

158* 

1085-1260 

pcONA  FCI  ♦  GM-CSF 

1-326 

3T3-flcu-l 

7.8 

1  9 

3T3-ncu-2 

0 

2.1 

3T3-*u-3 

8.5* 

0 

291-326 

pcDNA  LLO-FC1  ♦  GM-CSF 

1-326 

3T3-^cu-l 

146* 

8.5* 

20-148 

3T3-'ru-7 

0 

0.5 

3T3-wu-3 

9.9* 

5.1 

291-326 

'  l.y  v-«  ibowc  of  nth  of  Ire  uk timed  cell  lan  u  airmeni  jmJ  lv*u  u  noted  u  pcaaesl  lv«»  raua  l«ae«|tnauai  l>««»  from  I^BS  ;t*rtnil  uaniled 
nut  •  Jrmm  njniUjrt  1  v  t«  ahenr  kack^mmi  Mp  <  0115  IVrvrsl  ipacift:  Ivtii  hcirec  be  uikarmi;  radtfrantl  lestj*  «m  uxulilcd  n 
pcRat  apebiv  lyu»  -  Id)  l  inptrwiul  lv»ii  -  ipitnmu  lytixllrtil  lyn  -  >fcnUnoc«u  l»«i.  I 


majority  of  HER  2/ncu  DNA  vaccine*  produced  by  other  group* 
were  used  in  the  less  (tringM  prophy  lactic  mode  to  determine 
whether  vaccination  will  lead  to  procectioo  again*:  a  subsequent 
tumor  challenge  (35  38).  In  addition.  the  majority  of  these  studies 
have  been  performed  in  a  BALR/c  I IHR  2-'ncu  tumor  model,  which 
shows  a  vastly  different  disease  progression  than  the  FVB/N 
mouse  (36  38).  Prophylactic  DNA  vaccination  in  the  FVB/N 
mouse  has  not  been  shown  to  induce  a  complete  rejection  of  a 
subsequent  tumor  challenge  but  will  protect  25  100$  of  animal* 
from  developing  tumor*  depending  on  the  treatment  used  (35).  In 
thi*  study,  the  DNA  vaccines  studied  were  comprised  of  the  ex 
traccllulor  domain  of  HER  2/neu.  the  transmcmbranc  domain  of 
HER  2/neu.  or  the  intracellular  domain  of  HER  2/neu.  The  extra 
cellular  domain  DNA  vaccine  protected  25  35**  of  mice  and  that 
percentage  was  increased  to  60  7591  with  the  addition  of  IL  12. 
Appruximately  503  of  the  mice  were  protected  from  tumor  chal 
lengc  after  treatment  with  the  intracellular  DNA  vaccine,  and  the 
administration  of  IL  12  increased  this  percentage  of  protected  an 
imals  to  between  80  and  100%.  Sixty  to  753:  of  mice  were  pro 
tcctcd  from  tumor  challenge  wid*.  the  administration  of  the  tran* 
membrane  DNA  vaccine,  and  this  percentage  remained  the  same 
with  the  addition  of  IL  12  (35). 

In  our  study,  each  of  the  vaccines  resulted  in  the  stasis  of  tumor 
growth  immediately  following  the  first  vaccination  (Fig.  2)  How 
ever,  none  of  the  tumors  decreased  in  sue  until  >  1  mo  following 
the  last  vaccination.  Ag  loss  or  mutancxi  and  the  down  regulation 
of  MHC  class  I  molecules  frequently  result  in  the  loch  of  tumor 
regression  (39|  In  the  case  of  HER  2/neu  overexpressmg  tumors, 
where  the  overexpeesstoo  of  the  tumor  Ag  contributes  to  the  tran* 
formed  phenotype  of  the  tumors,  the  loss  of  the  tumor  Ag  could 
also  result  in  a  lack  of  tumor  growth.  Ncu  negative  variant*  have 
been  observed  after  arm  HER  2/neu  therapies  (40).  We  are  cur 
rently  attempting  to  determine  whether  the  tumors  that  do  not  de 


crease  in  size  or  undergo  regression  in  response  to  the  Litiena 
based  vaccines  are  down  regulating  HER  2/neu. 

The  induction  of  tumor  regression  at  >  1  mo  after  the  final  boost 
is  in  contrast  with  our  observations  using  other  tumor  Ag*  where 
tumor  regression  will  often  begin  after  the  first  immunization  and 
is  completed  within  28  day*  (19,  21,  31 1  The  delay  in  tumor  re 
gression  observed  with  the  Lm  LLO  HER  2/neu  vaccines  is  not 
likely  due  to  the  reactivation  of  a  memory  response  Although,  it 
is  likely  than  memory  cells  are  generated  following  the  recombi 
must  L  monocytogenes  vaccine*,  no  additional  vaccination  or  stira 
ulus  is  given  to  reactivate  these  memory  cells  at  the  time  that  the 
tumor  regression  begins  We  think  it  is  more  plausible  that  the 
increase  in  antitumor  reactivity  at  a  delayed  time  point  is  due  to 
epitope  spreading  by  cross  presentation  of  tumor  derived  HER  2 / 
ncu  or  other  Ags. 

Epitope  spreading  has  been  seen  previously  in  many  different 
tumor  models  and  can  result  in  the  generation  of  a  specific  anti 
tumor  response  to  cryptic  and  subdominant  epitopes  that  were  not 
initially  part  of  the  treatment  administered  «41  43).  The  IJitena 
bused  vaccines  containing  fragments  of  HER  2/ncu  may  be  gen 
crating  sufficient  initial  antitumor  CDS  T  cells  to  limit  the  growth 
af  the  tumor  early  after  vaccination.  Although  the  tumor  growth  is 
stabilized  with  new  tumor  cells  being  generated  at  the  same  rale 
that  tumor  cells  arc  dy  ing.  APCs  such  as  dendritic  cells  may  be 
acquiring  pieces  of  the  dying  cells,  traveling  to  the  draining  ly  mph 
nodes,  and  cross  preventing  these  Ags  to  activate  a  much  broader 
CDS  T  cell  response  than  could  be  generated  by  vaccination  tar 
geting  one  region  of  the  HER  2/ncu  molecule.  This  phenomenon 
has  been  observed  previously,  and  cross  presentation  by  CD1 1c  ‘ 
dendritic  cells  is  seen  as  a  key  factor  in  the  control  of  tumor  growth 
because  the  CD8  T  cell  response  elicited  by  a  specific  immuno 
therapy  can  be  significantly  enhanced  by  this  mechanism  (44,  45 1 
W’c  intend  to  explore  this  hypothesis  by  testing  the  reactivity  of  the 
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lymphocyte*  m  the  tumor  draining  lymph  nodes  :o  see  whether  T 
cells  specific  u>  a  region  of  HER  2/neu  that  was  no*,  included  in 
dm:  particular  vaccine  construct  emerge*  a:  the  time  that  regret, 
sion  begins.  I  km  ever,  this  task  will  be  easier  once  we  have  com 
pletcd  our  epttopc  mopping  of  die  entire  HER  2/ncu  molecule, 
which  is  currently  underway  We  have  already  determined  that 
there  ore  a  Urge  number  of  CD1  lc  dendritic  cells  infiltrating  the 
turnon,  following  the  vaccinations  before  the  onset  of  regression 
(data  no:  shown)  that  could  cross  present  Ags. 

The  most  effective  antitumor  response  will  likely  be  generated 
by  enhancing  low  affinity  anti  HER  2/ncu  specific  CDH  T  cells 
that  were  no:  deleted  during  thymic  selection  (46).  This  will  be 
particularly  imponant  in  transgenic  mouse  models  of  cancer  in 
which  the  mice  are  tolerant  to  the  tumor  Ag  and  the  high  affinity 
T  cells  that  can  be  generated  to  target  the  tumor  in  wild  type  (non 
tolerant)  mice  will  not  be  present  (47,  48)  Makld  ct  al.  (49)  and 
Kcdl  et  al.  (50)  have  shown  that  targeting  an  immunodominant 
tumor  epitope  can  fail  to  result  in  a  strong  enough  anutumor  re 
spoasc  that  will  result  in  the  eradication  of  a  tumor  Anti  HER  2 / 
neu  therapies  that  can  lead  to  the  amplification  of  subdominant 
epitopes  arc  likely  be  more  effective  than  vaccination  against  dom 
inant  epitopes. 

Potentially  confounding  the  efficacy  of  these  vaccines  is  the  fact 
that  the  vaccines  ore  based  on  the  rat  HER  2/neu  gene  but  that 
these  vaccines  are  being  tested  In  mice.  In  this  study,  the  wild  type 
FVB/N  mice  are  not  specifically  tolerant  to  the  rat  HER  2/neu 
gene,  although  the  mouse  and  rat  HER  2/neu  genes  are  >9091 
homologous  (51).  so  some  degree  of  tolerance  is  expected.  Al 
though  these  sequences  are  extremely  homologous,  there  are  dif 
ferenccs  in  the  degree  of  homology  for  the  different  vaccine  con 
struct*.  The  IC1  construct  containing  the  highly  conserved  kinase 
domain  is  homologous  to  the  mouse  protein  sequence,  and 
this  sequence  shows  the  highest  level  of  homology  among  the  five 
vaccine  constructs.  Both  the  EC1  and  EC2  regions  arc  94  d  ho 
moiogou*  with  the  corresponding  mouse  regions,  and  the  EC3  and 
IC2  regions  are  93*3  homologous.  In  all  of  the  vaccines,  excluding 
Lm  LLO  1C  I.  the  amino  acid  differences  ore  spread  throughout 
the  entire  fragment,  whereas  in  IC1  the  differences  flank  the  kinase 
domain  with  only  one  nonhomologous  amino  acid  in  the  kinase 
domain  making  the  kinase  domain  99.691  homologous.  Interest 
ingly.  the  CTL  analysis  of  the  Listeria  based  vaccines  (Table  I) 
shows  that  of  the  three  3T3  lines  that  can  be  targeted  by  this  frag 
ment  only  two.  3T3  neu  6  and  3T3  neu  8,  were  capable  of  being 
lysed  by  effector  cells  induced  by  Lm  LLO  1C !  vaccination  Al 
though  we  do  not  yet  know  the  exact  sequences  of  the  MHC  class 
I  epttopes  that  ore  recognised  in  these  fragments,  it  Is  possible  that 
there  are  no  epitopes  present  m  the  kinase  domain,  as  this  region 
is  almost  entirely  homologous  between  the  mouse  and  the  rat.  In 
addition,  the  portion  of  HER  2/ncu  contained  in  3T3  neu  7  falls 
entirely  in  the  kinase  domain,  and  there  is  no  CTL  response  against 
this  region. 

We  do  not  observe  a  strong  correlation  between  CTL  activity 
and  tc tranter  analysis  of  HER  2/neu  specific  T  cells  from  mice 
immunized  with  Lm  1.1.0  EC2.  for  which  we  have  a  :c trainer 
available.  This  is  because  for  most  of  the  vaccines,  the  only  source 
of  Ag  available  to  stimulate  bulk  populations  of  T  cells  in  spleno 
cytes  is  irradiated  tumor  cells.  The  NT  2  cells  do  not  express  a 
high  level  of  Ag  and  thus  are  not  very  potent  stimulators  of  effector 
celLs.  Furthermore,  the  effector  cells  used  are  a  polyclonal  T  cell 
population  that  is  derived  from  whole  splenocytes.  so  CDH '  T 
cells  arc  not  the  only  cells  being  counted  as  effector  cells.  In  con 
mist,  tetramer  positive  T  cells  can  be  analyzed  in  the  activated 
CDfc  T  cell  population.  Despite  these  limits  to  the  CTL  assay,  we 
do  see  statistically  significant  levels  of  killing  of  the  target  cells 


from  which  we  arc  able  to  narrow  down  potential  areas  that  con 
tain  CT1.  epitopes. 

We  have  shown  in  this  study  the  vaccines  generated  from  frag 
ments  of  HER  2/neu  that  do  not  contain  the  dominant  epitope  are 
as  effective  as  the  vaccine  that  does  result  in  CDS  *  T  cells  specific 
to  the  dominant  epitope  when  fused  to  1X0  and  delivered  by  L 
monocytogenes.  Work  Is  now  underway  to  identify  these  subdomi 
nan:  epitopes  and  to  test  these  vaccines  in  a  HER  2/neu  transgenic 
mouse  model  for  breast  cancer  (30). 
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